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Abstract 

There is little doubt that moisture is a very important factor in relation to material 
durability. The need for tools to assist in the better understanding and systematic 
evaluation of moisture movement with the view of incorporating the results within 
the overall framework of the defect investigation, quality control, and long-term 
monitoring of moisture, have led to the development of various moisture 
monitoring and predicting techniques. With the purpose of helping to harmonise 
the interests in this field, this thesis addresses three major issues in the area of 
wood moisture. 
Various studies carried out have been shown that there are substantial 
discrepancies between specific timber species and published charts for equilibrium 
moisture content. One of the main objectives of this research was to focus on 
establishing the equilibrium moisture content for a range of relative humidity and 
temperature on an individual basis, for twenty commercially important species 
used in the United Kingdom. The rationale for carrying out the project, the results 
from the initial trial and the mainstream experiment, the hardware and 
methodology developed are provided. 
To meet the requirements of long term accurate and reliable moisture monitoring 
and to provide comprehensive moisture information, a new type of moisture 
sensor and related measurement system were developed. The methodology of 
system design and test procedures are described, emphasising the anti-polarisation 
method, noise rejection and contact resistance reduction techniques employed. 
Other aspects of the electrical performance of timber were also investigated. 
Results from a case study showed that the sensor developed can operate in the 
critical range of relative humidity with sensitive and accuracy. 
In the final part of the project, two moisture transport models were developed. 
Mathematical prediction models in both one dimension and three dimensions are 
presented for simulating the adsorption and desorption processes in wood. 
Comparisons are made against long-term experimental data for the one 
dimensional model. The finite differential method was employed to solve the 
mathematical expressions developed, resulting in accurate prediction of 
concentration-driven moisture flows. Investigations were also carried out into the 
moisture diffusion coefficient and moisture behaviour in the three principal wood 
directions by using the sensor developed which provided isothermal real-time 
continuous data. 
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Preface 
In recent years there has been rapid development in the area of durability and 
service life prediction of building products. As one of the basic factors affecting 
building performance, there has been increasing interest in the study of moisture 
and its measurement in building materials and in particular in timber. There have 
been, and continue to be, strong reasons, both from the engineering and research 
aspects, for the development of uniform methodologies for the assessment of the 
moisture distribution and the understanding of moisture migration mechanisms in 
building materials. There have also been increasing demands from building 
designers and surveyors for long term monitoring and defect investigation of 
building elements. This is resulting in high level technologies being applied for 
the monitoring of moisture, model analysis and processes such as heating, drying, 
gluing, and improvement of the quality of wood-based materials. In the process of 
harmonising the interests in this field, this thesis addresses various pertinent 
problems, where the objectives were to 
1. 	 Produce individual sets of eqUilibrium moisture content (EMC) values for 20 
commercially important species for interior use and to provide the means to 
establishing the validity of moisture-related claims as well as stipulating 
tighter moisture limits for constructional timber on a species by species basis; 
2. 	 Develop a moisture monitoring system with less uncertainty and improved 
precision than existing methods (the requirement was to produce an 
instrument able to function on long-term basis and provides more 
comprehensive moisture information than the commercial moisture meter); 
3. 	 Investigate the sorption processes in wood based on theoretical modelling 
xvi 
(where the variations of diffusion coefficients with moisture content in 

longitudinal, tangential and radial wood grain were investigated.) 

The structure of the thesis and links between the chapters are schematically shown 
as follows. 
Chapter 2 Chapter 1 
.(------};, Moisture Measuring Introduction 
Methods 
Chapter 3 

Pilot investigation 

for Chapter 4 

Chapter 7 
Sorption processes ..Conclusions investigation 
The introductory chapter provides an understanding of moisture in materials, 
particularly in wood, discusses brief relationships between wood and water. 
The second chapter introduces a range of methods for measuring moisture content 
in building materials, considers their suitability, and mentions factors that affect 
their measuring accuracy. 
Chapter 4 
Producing an 
EMC database 
-~~~.-~~--
Chapter 5 ~: 
--~ Moisture monitoring sys­
tem with a wood sensor ' 
Chapter 6 I 
xvii 
The third chapter discusses a pilot trial whose objectives were: 
1. 	 the comparison of small conditioning chambers where samples were in an 
environment containing saturate salt solution with commercial environmental 
chambers~ 
2. 	 the comparison of sample size and its effect on the rate of achievement of 
EMC and the final EMC; 
3. 	 the comparison of the effect of previous drying history on the final EMC, i.e. 
when conditioning from green, air-dried and kiln-dried moisture contents. 
Following from the findings of chapter 3, The fourth chapter deals with an 
experimentally derived database set up to establish the EMC / temperature / 
relative humidity relationships of commercially significant timber species in the 
range of environmental conditions typical of building under construction and in­
service. 
In chapter five, the development of a new type moisture sensor is described 
together with the related circuits and control programs. Various methods are 
discussed for improving its measuring accuracy, such as anti-polarisation, noise 
reduction, signal identification and restoration. 
The sixth chapter is concerned with the simulation of moisture sorption processes 
with numerical analysis and diffusivity investigation. Two types of moisture 
transfer models are included. One is moisture transfer along the wood grain, and 
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the other considers transfer in the three principal wood directions, i.e. 
longitudinal, tangential and radial. 
In the final chapter, the findings are summarised and further research issues are 
sketched out. 
xix 
1. Introduction and Background to the Subject Area 
During the past few decades, moisture research has gro'WIl rapidly. Moisture is 
frequently measured in a wide range of materials, spanning from soil to food to 
timber, and moisture measurement has gradually become a scientific area in its 
0'WIl right. Few would dispute that moisture in building structures is a cause of 
many problems in buildings, both during and after construction since a number of 
important material parameters are moisture dependent. Therefore, monitoring of 
moisture in structures such as roofs, walls, floors and so on is of great value in 
providing early warning signs of potential problems. Indeed, Hammersley and 
Dill (1998) have been continuously monitoring moisture in structures for a 
number ofyears. To understanding moisture distribution in building materials, 
there is a need to design modem instruments for the inspection of quantitative and 
qualitative characteristics of wood-based materials and finished products (Ahmet 
1997). Recently, more and more modem technologies are becoming employed for 
moisture detection and measurement. Improvements in testing procedures, better 
analytical tools and methods, and common standards in computerisation have 
significantly facilitated the ability to handle and process data. 
A range of pUblications exist summarising moisture measurement generally. 
Schmugge (1980) describes in detail the range ofmethods available, while Parrott 
(1990) and Assenheim (1993) provide reviews oftechniques for moisture 
measurement in concrete. The behaviour of various wood species is investigated 
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by Dai (1997). Ahmet (1997) provides comments on a range of current 
commercially used moisture meters. 
Timber is an important material in many building types. Knowledge of the 
moisture is therefore ofprimary interest to many designers, surveyors and 
maintenance personnel as many properties are closely related to the moisture 
content. 
In the living tree, wood is formed in an essentially water-saturated environment, 
and the cell wall remains in this state until the water flow from the roots is 
interrupted, such as by felling. The wood then begins to lose most of its moisture, 
resulting in changes in most of its physical properties. The moisture content 
measurement and moisture relationship to the environment to which the wood is 
subsequently exposed are two of the areas investigated in this thesis. Sorption 
processes which can further verify reliability ofmoisture monitoring system and 
theories ofmoisture transfer in wood are also investigated. 
1.1 Physical Parameters of Water 
Water molecules can act in a variety of ways with a range ofmaterials, such as 
crystals, polycrysta1lines, granulates and grains, solid porous materials, fibrous 
materials and organic materials. The amount ofwater in a solid state material (in 
thermodynamic equilibrium with the surrounding) is described by sorption 
isotherms (BET theory, Trapnell 1955). For porous material, the extent to which 
water molecules are sorbed into the material depends on the number, magnitude 
and the shape of the pores. However, the material can contain much more water 
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than detennined by sorption isothenns when water molecules are introduced 
through other means apart from humid gas or when there is no thennodynamic 
equilibrium between the gas and the moist material. So, water distribution in the 
material is a function of temperature and humidity of the surrounding gas, time of 
exposure, and the method of water introduction into the material. This is further 
discussion in sections 1.4 and 1.5. 
Water (H20) is a polar dielectric molecule in which two hydrogen atoms are 
bound to an oxygen atom at an angle 104.5°. From the electrical point of view a 
water molecule is a dipole. The complex electric pennittivity for bulk water is 
well described by Debye's equations (Antoniewicz 1971). Specific electrical 
conductivity varies from 10-11 to 10-6 [Q-I m-I]1 with dependence on level of water 
purity. Even small concentrations of additives can change the conductivity by 
several orders of magnitude. Electrical parameters of water in a monolayer or in a 
thin film depend strongly on binding forces to the material which are different for 
every type of material, and on the number of water molecule layers. Those 
parameters are very different from the parameters ofbulk water and they are very 
difficult to recognise. 
1.2 Moisture in Buildings and Materials 
Moisture is always present in, and sometimes essential to, many building 
materials. Moisture can exist in building materials in various fonns, for example, 

it may be "free" in the capillaries, absorbed by surface forces or may be 

I Most work in this area is still not in SI units. The author has converted all units to Sl for consistency. 
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chemically bonded. For satisfactory performance ofbuilding components there is 
a need to control moisture level within acceptable limits both during construction 
and their operational life. Owing to high moisture levels, problems found in 
building materials and elements include: 
• blistering 
• corrosion 
• decay 
• delamination 
• efflorescence 
• fungal infestation 
• leaching 
• loss of insulation and strength 
• peeling 
• staining 
and so on. The potential sources of dampness, as described in CIRIA (2000i, 
could be: 
• condensation 
• rain penetration 
• built-in water 
• pipe leakage 
• spillage 
• hygroscopic salts 
2 The author has had access to this material because of the University ofLuton involvement. His advice was also used in 
producing parts ofthe document. 
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• rising damp 
• seepage 
• flooding. 
Moisture does not necessarily remain at the source of dampness. It can be 
transmitted within a building. As a result, defects may occur at points remote from 
the source of damp. Various mechanisms of moisture movement have been 
identified. These include: 
• capillary action 
• gravity 
• osmosis 
• vapour 
• wind pressure. 
When timber is placed in the building environment, it could capture or release 
moisture. Problems arise when the moisture content falls or rises outside 
prescribed limits. To help identify and prevent defects it is necessary to 
understand the structure of wood. 
1.3 Wood 
1.3.1 Sapwood and heartwood 
The structure of the trunk of a tree consists ofbark, sapwood and heartwood 
(Figure 1-1). The heartwood is surrounded by the living cells and the sapwood 

which is covered by a thin layer of phloem cells and the protective bark. 
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Sapwood is the tissue that conducts water and dissolved salts from the roots to the 
crown of the tree, whist the phloem is the tissue that conducts sugars from the 
crown to the various growing cells throughout the structure of the tree. The only 
significant difference between sapwood and heartwood is the large amount of 
material that is deposited in the latter. This deposits in the heartwood cells reduce 
their porosity and are often toxic, so that heartwood is usually more resistant to 
insect and fungi attack than sapwood. These deposits also tend to make 
heartwood more stable, so that it is much more resistant to swelling and shrinkage 
with changes in moisture content. 
HEARTWOOD 
Figure 1-1 Wood zones in a tree trunk 
1.3.2 Softwood and hardwood 
There are fundamental differences in the nature of the wood of softwoods and the 
hardwoods. 
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In softwoods the principal longitudinal cells serve both as conducting and 
mechanical support functions. They are known as tracheids. Liquid sap can pass 
through the cavities of these cells and from one tracheid to another through 
microscopic openings in the cell walls, known as pits. The configuration and types 
of pits affect the (moisture) permeability of the timber, which in turn affects the 
ease with which it can be treated with preservatives. 
In a transverse section, a piece of softwood appears with the annual rings resulting 
from the change in the density and appearance between the early wood and late 
wood. The transverse section may also show occasional vertical resin canals 
whilst the radial and tangential sections may show horizontal features such as 
rays. 
In contrast, hardwoods possess fibres to provide structural support but the 
conducting cells are termed vessels or pores. These vessels are distributed 
singularly or in clusters throughout the wood, in radially or tangentially orientated 
groups. These tend to form a distinctive pattern; and provide a guide to 
identification since the presence ofpores separates a hardwood from a softwood 
and the pattern may be characteristic of a particular species. 
The horizontal elements, or rays are much more varied in hardwoods than in 
softwoods. In softwoods they are generally narrow and short in length; in 
hardwoods they may also be wide and high, as can be seen in Figure 1-2 
(TRADA 1991c). 
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Wood is composed almost entirely from organic matter. The structural 
components consist of cellulose, hemicellulose and lignin. In effect, the lignin 
acts as a bonding and stiffening agent within the wood structure, while the 
cellulose and hemicellulose provide elasticity and tensile strength. Further 
discussions can be found from Taylor 1995. 
Growth ring{EarlYwood ~~~~~~~~~_ 
Late wood ~;;;;:~ II Resin duct 
~7+-- Tracheid 
W"!iif~:;--- Ray 
Transverse face ~~t+im~m~~~~ 
Tangential face -+i-i-+-+-to;-I 
(a) 
Early wood vessel 
Growth ring - ____/' 
Transverse 
late wood vessel 
Tangential face --HHfH+Hw. Ray 
Radial face ----tliI*H~:tH_rn-iH_t_Ht;r.w.~..1 Fibres 
(b) 
Figure 1-2 Structure ofwood. (a) softwood (b) hardwood (TRADA 1991c) 
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1.4 Wood Cell and Equilibrium Moisture Content 
First, it is important to define moisture content. The percentage moisture content 
is determined by the ratio of the change in mass (We - Wo) of the sample divided 
by the oven-dried mass (Wo) of the sample, that is 
Further discussion of this important definition follows in section 2.1.1. 
Cellulose chains are assembled into microfibrils which are orientated in a 
predominantly longitudinal direction within the cell walls of softwood tracheids 
and hardwood fibres. The physical properties ofwood largely result from this 
longitudinal orientation of the cellulose chains, and this is particularly the case in 
the relationship between wood and water. Water is mainly held in two areas in the 
structure ofwood, namely, cell walls and cell cavities. Figure 1-3 shows a 
Figure 1-3 Conceptual representation ofa wood cell structure 
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conceptual view of cell structures in timber. 
In the living tree, generally the moisture content is high and the cell wall (see 
Figure 1-3) is fully saturated. The cell cavity generally contains some water, the 
amount of which varies greatly among trees and also among cells in the same tree. 
Consequently the moisture content of green wood (newly felled) is high, usually 
varying from about 60% to nearly 200% (Milton 1996) depending on the location 
ofthe timber in the tree and the season of the year. However, seasonal variation is 
slightly different compared to what can occur within a tree between the sapwood 
and the heartwood regions. This degree of variation is illustrated for a number of 
softwoods and hardwoods in Table 1-1 (Illson 1994). 
Table 1-1 Average green moisture contents of the sapwood and heartwood 
Name Moisture content (%) 
Heartwood Sapwood 
Hardwoods 
Yellow birch 64 68 
American beech 58 79 
American elm 92 84 
Softwoods 
Douglas fir 40 116 
Western hemlock 93 167 
Sitka spruce 50 131 
Within the softwood, the sapwood may contain twice the percentage ofmoisture 
to be found in the corresponding heartwood, while in the hardwoods this 
difference is appreciably smaller or even absent. Nevertheless, in general terms, 
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the mass of water present in newly felled timber is approximately equal to the 
mass of cell wall material of the timber. 
After the tree is felled however, and due to its hygroscopic nature, the tree 
gradually loses moisture to equilibrate with the relative humidity of the 
surrounding environment, i.e., desorption occurs. 
The Equilibrium Moisture Content (EMC) is the final moisture content at which 
the timber settles for a given environment. However, the direct dependency of 
EMC on relative humidity causes fluctuations in the moisture content, and 
therefore EMC is not, in practice, a static value, but rather varies on a continuous 
basis. 
1.5 Relative Humidity and Sorption 
It has already been noted that the main factor affecting moisture content of 
hygroscopic materials is the relative humidity of the surrounding air. The greater 
the relative humidity of the surrounding air, the higher the moisture content, and 
vice versa. Timber and wood-based board materials respond quite slowly to 
changes in relative humidity except near the surface. The EMC varies between 
species for a given condition. The speed at which a particular piece reaches EMC 
depends on many factors including the permeability of the wood species, 
temperature, shape and orientation of the timber as well as the initial moisture 
content. Among these factors, the relative humidity (RH) to which the wood is 

exposed is the most important one affecting the EMC of wood. 
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The fundamental relationships between moisture content and atmospheric 
conditions have been determined experimentally and the average EMC values are 
shown graphically in the example ofFigure 1-4. For example, in the condition of 
60% RH, temperature 20°C, the average EMC value is 13%. For the past 40+ 
years this particular chart has been used in the UK for predicting the EMC of 
timber over a wide range ofRH and temperature. Actual values for the EMC can 
differ substantially from that derived from such charts. For example, in Hall et al 
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Figure 1-4 Charts showing the relationship between the moisture content of wood 
and the temperature and relative humidity of the surrounding air; 
approximate curves based on values obtained during drying from green 
condition (BRE3 © Crown copyright). 
3 Building Research Establishment, Garston, Watford, UK 
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(1996), the EMC for a wide range of species conditioned in the same environment 
were found in some cases to differ substantially from each other. Variations in 
moisture content occur due to differences between timber species or to the 
previous moisture history of the timber. The curve relating EMC and RH at 
constant temperature is called a sorption isotherm. Further discussions on this 
theme will be in Chapter 3 and 4. 
1.6 Fibre Saturation Point and Problems Caused by Moisture 
The moisture content in timber is of particular commercial interest, as it plays an 
important role in various properties of timber, such as strength, colour and 
dimensional stability. This was first realised in 1906, when tests were carried out 
on variation of moisture content and the corresponding effects on the mechanical 
properties of timber (Tinamen 1906). The tests established that mechanical 
properties of timber are affected by the moisture content only below a certain 
moisture content level. The term fibre saturation point (FSP) was then defined as 
the moisture content at which the cell cavities contain no liquid water, but the cell 
walls are fully saturated with water (Siau 1995). The point at which FSP is 
-----8------­---­ ---­
==== Vapour ==== 
---­ ----­
-----­ ------­
Cell 

Wall 

Cell 
CAVITY 
(a) above FSP (b) at FSP (c) below FSP 
Figure 1-5 An idealised representation of moisture distribution in a wood cell 
cross-section. 
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normally achieved is at approximately 30% MC, though it can vary from this 
value by several percentage points (Wood handbook 1974). Figure 1-5 shows the 
concept of fibre saturation point. 
The moisture content at the fibre saturation point varies from one species to 
another, nevertheless various figures reported in the literature point to an average 
of around 27%, well above the required moisture content for typical (internal) 
environments. Moisture content fluctuations below this point cause dimensional 
changes to the timber resulting in undesirable effects to finished products. Timber 
expands with an increase and contracts with a decrease in moisture content in 
response to changes in relative humidity. This response is referred to as moisture 
movement. It is therefore crucial that the timber used for wood products such as 
furniture, musical instruments or components to be used in the construction 
industry have a moisture content corresponding to the mean seasonal EMC of the 
environment for which it is intended. Failure to season the timber to the correct 
moisture content could cause irreversible, damaging consequences. Warping, 
twisting and bowing are some of the defects developed when the timber installed 
in an incorrect environment goes through desorption or adsorption process to 
equalise with the relative humidity surrounding it (see Figure 1-6). 
The rectification of the damage caused by both high and low moisture conditions 
can be extremely difficult, disruptive and costly. Excess moisture can increase 
atmospheric moisture levels leading to increased risk of condensation problems in 
other parts of the building, and cause damage to materials that may compromise 
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CliP 
Incorrect installation of floor boards 
could result in development of 
stress due to hygroexpansion, which 
in turn could have undesirable 
effects. 
The Bowing effect occurs as a 
result of unequal longitudinal 
shrinkage ofopposite faces; 
Crooking due to unequal 
longitudinal shrinkage of edges; 
Twisting occurs as a result of 
differential shrinkage or expansion, 
on plain sawn board, which is not 
cut parallel to the heart of the tree. 
Differential shrinkage or expansion 
causes a Kinking effect in presence 
of an area with distorted grain. 
The Cupping effect due to excessive 
tangential shrinkage over radial 
shrinkage 
Moisture movement after installation 
of timber components could cause 
joints to break up. 
Figure 1-6 Distortion and Warping of timber components and products (adapted 
from Jazayeri 1999) 
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structural integrity e.g. rot. Too Iowa moisture content can result in shrinkage, 
cracking, and splitting in timber, as described in Figure 1-6, again with potential 
loss of structural integrity. 
Although moisture problems are so pervasive and detrimental, we have only a 
limited understanding of the causes of and conditions leading to the various 
problems. To provide practical information and advance our understanding ofthe 
complex movement of moisture in timber, the importance of the ability to 
measure and to reliably estimate the moisture content of timber for industrial use 
can not be over emphasised, as the durability could be compromised where due 
care is not given to maintain and preserve the timber for commercial products. It 
is equally desirable to monitor the moisture content of installed timber 
components to avoid conditions in which destructive factors such as fungal attack 
(moisture contents of above 22%4 dramatically increase the probability offungal 
infection, TRADA 1991), and insect colonisation take place. A case study related 
to this theme is further discussed in Chapter 5. 
1.7 Summary 
There are three reasons for testing moisture content in wood, that is, 
• quality control, 
• long-term monitoring, 
• defect investigation. 
4 This value varies depending on source consulted. Most people agree that minimum 20% (or up to 30% dependent on 
species) moisture content results in risk of fungal attack. 
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With the increasing emphasis on "doing things right first time" practical methods 
which can be used to establish / confirm that construction work is satisfactory are 
increasingly necessary, i.e. quality control testing. Automated long-term 
monitoring has been used on many buildings ofhistoric / special interest where 
potential damage, due to moisture to the building fabric or the building content, is 
unacceptable. When investigating a defect, testing for moisture provides essential 
clues to the nature and cause and hence the required repair strategy. Currently, a 
number of techniques are employed to determine moisture content. To emphasise 
the importance of moisture measurement, the following chapter is felt to be 
essential to explain the advantages of these various methods. 
17 
2. Review of Moisture Measuring Techniques 
For reasons already given, incorrect measurements can result in a variety of problems. 
Therefore, reliable moisture measuring systems are required for studies on physical 
phenomena in building materials exposed to changes in humidity and/or the weather. 
The importance of the ability to measure the MC of timber or other materials for 
industrial use can not be over emphasised. For this reason, various methods continue 
to be used to estimate the MC in building materials. Some of these are shown in 
Figure 2-1. Non-destructive methods are clearly desirable for the processing 
industries. But some technologies suffer limitations, such as limited moisture range, 
poor accuracy, very inconvenient to use or even health and safety problems. In this 
chapter, various popular methods are summarised. 
NeutronDesiccation Proton Resonance 
Scattering 
Infrared 
ReflectanceOven-drying 
TECHNIQUES 
----.. Microwave 
Methods 
I Thermal Conductivity 
I 
I 
: Photon Attenuatio 
Acetylene I Method 
Distillation Karl Fischer Production I 
I 
I 
Destructive Methods Non-Destructive Methods 
Figure 2-1 Methods for moisture measurement 
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2.1 Destructive Measurement Methods 
2.1.1 Oven-drying method (Gravimetric) 
The oven-drying method is the "definitive" method, but it is slow and requires that 
samples be cut from the material. It is often used as "reference" method. In the basic 
gravimetric method ofmeasuring wood moisture content, the moist sample is weighed 
(We) and is then placed in an oven, heated to a temperature of 103°C (±2°C) and is 
kept there until constant weight is reached. This procedure reduces the sample 
moisture content to a very low value at equilibrium, with a relative vapour pressure 
sufficiently close to zero that the sample is assumed to have attained its dry weight 
W05• The percentage moisture content is determined by the ratio of the change in 
mass (We - Wo) ofthe sample divided by the oven-dried mass (Wo) of the sample, that 
is 
Equation 2-1 
Moisture content as defined in various British Standards (e.g. BS 5268) is based on 
the gravimetric method6• 
One of the disadvantages of the oven-drying method is that it is very time-consuming. 
The oven dry mass is accurately known only after the experimental run; thus, all 
calculations for Me would be retrospective, ruling out real-time observations or 
control. For example, at temperature ofl03°C (±2°C), one-piece samples of mass 
100 g typically require a drying time of 20 to 60 hours (on the average about 40 
5 Strictly, this should be mass, but most of researchers refer to weight. 
6 In accordance with the British Standard BS 5268 : Part 2: 1991 Appendix H, for the gravimetric method ofmoisture content 
measurement the test piece should be weighed to an accuracy of 0.5% and then dried to constant mass in a vented oven at a 
temperature of l02±2°C. Constant mass is considered to be reached if the loss in mass between two successive weighings 
carried out at an interval of 6 hours is not greater than 0.5% of the mass of the test piece. 
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hours), depending on initial moisture content and density. On the other hand, the 
presence ofmoisture gradients is difficult to assess by the oven test method without 
destroying much of the test pieces. Obviously, if moisture content is required of 
manufactured items, then the method may be quite unsuitable as the samples are 
usually permanently damaged. 
2.1.2 Chemical methods 
There are various chemical methods used to determine the moisture content, for 
example, distillation method, titration according to Karl Fischer and acetylene 
production, are explained in Skaar (1988), Harrison (1998) and erRlA (2000). These 
methods normally give good results and are well suited for moisture measurements of 
solids, such as wood, in a particulate fonn, but is not practical for use in large wood 
samples, particularly those of high moisture content. Where the timber contains 
volatile extractives which would normally be lost during oven drying, thereby 
resulting in erroneous moisture content values, it is customary to use a distillation 
process, heating the timber in the presence of a water-immiscible liquid such as 
toluene, and collecting the condensed water vapour in a calibrated trap. On the other 
hand, these methods have the obvious drawbacks of being time consuming, 
inconvenient to use and non-automated. 
2.2 Non-Destructive Measurement Methods 
2.2.1 The Photon attenuation method 

This measuring system, using a narrow gamma-ray beam, scans the wood samples, 

which are movable along a transferring belt. The moisture measurement is based on 
the photon adsorption technique, where the difference of the linear adsorption 
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coefficients of the moisture and dry wood is measured. The method does not require 
the knowledge of the specimen thickness, but the density affects the measurement 
accuracy. The system, explained in Tiitta (1993), solved the problem by using the 
density estimation method which is based on the measurement of the linear 
attenuation coefficient ofwood. 
2.2.2 Microwave methods 
Microwaves are electromagnetic waves, in the frequency range 1 to 100 GHz, which 
interact with the (mainly free) water in materials. The adsorption is dependent on the 
amount of water present and other materials such as dissolved salts that have 
relatively small effect at the higher frequencies. Assenheim (1993) explains that the 
density of the material is also a strong influence on the adsorption of the microwaves. 
Although the density can be determined by direct means, systems have been 
developed which measure two different adsorption parameters of the material, 
enabling the density to be taken into account automatically. Meyer (1980) discusses 
the dielectric behaviour of moist matter at frequencies greater than 8 GHz and shows 
that for certain materials density independent calibration functions can be derived 
experimentally, allowing a determination of moisture content solely from 
measurements at a single frequency. Depending on the arrangement of the transmitter 
and receiver aerial as well as the applied microwave radiation (continuous or pulsed) 
the microwave methods are subdivided into: 
• Microwave transmission method 
Transmitting and receiving aerials are situated on opposite sides of the investigated 
material (only thin section can be used). Continuous or pulsed microwave radiation 
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can be used for this measurement. The moisture content results from the 
measurements of either the phase shift with continuous microwave radiation or the 
transit time of microwave pulses and the damping in the material. 
• Microwave reflection method 
With the use ofmicrowave pulses, only one aerial needs to be used for transmitting 
and receiving functions. Transmitting and receiving aerials are combined and situated 
on one side of the material under investigation. In this case, the moisture content is 
obtained from the transit time of the microwave pulses which are reflected from the 
underside of the surface on which the material rests. 
• Time range reflectometry 
This method is suited to the determination of the moisture content of substances, such 
as sand. In this case, a metallic fork probe is inserted into the material to be 
investigated. From measurement ofthe transit time of a short electric pulse along the 
probe, the dielectric constant of the surrounding material is determined and, thereby, 
the moisture content of sand. 
2.2.3 Infrared reflectography 
This method utilises the damping of the infrared radiation by the adsorption bands of 
the water molecule in the wavelength range from 1 to 5 )lm. The infrared radiation is 
projected onto the surface which is to be measured and the intensity of the remitted 
radiation is measured point by point with an infra-red camera and transformed into a 
pictorial presentation. The term remission comprises the directional reflection and the 
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non-directional diffuse back scattering. In addition to this effect, the temperature is 
also dependent on intrinsic radiation, then the camera measures the superimposition of 
the intrinsic radiation and the remission of the projected additional radiation. More 
moist surfaces then stand out by a lesser apparent surface temperature. 
Another method utilising infrared radiation is differential infrared adsorption which is 
discussed in Cornell (1972). McFarlane (1984) describes electronics and signal 
processing used in the infrared adsorption method. Problems associated with using 
infra-red include small depth of beam penetration (few microns), providing moisture 
infonnation only very close to the surface of the material. The application to timber is 
obviously limited for this reason. Also dark materials by their nature are poor 
reflectors of infrared radiation, making the method unsuitable in these cases. 
2.2.4 Neutron scattering 
The basis of moisture measurement with neutrons is the scattering and, thereby, the 
slowing down of fast neutrons in hydrogen containing substances. In a collision ofa 
fast neutron (10 ke V) with a hydrogen nucleus, the greatest energy loss occurs with 
nuclei of comparable mass (hydrogen). The number ofthermalised neutrons (slow 
neutrons) is measured with a detector and represents a measure of the material 
containing hydrogen nuclei per unit ofvolume. The method cannot, of course, 
distinguish between the various compound states of hydrogen. For the purposes of 
the practical procedure, directly next to the neutron source, there is a large area 
neutron detector (counter) which identifies only the slow neutrons. This method must 
therefore be used with some caution because it is sensitive to the presence of protons 
and not specifically to water. Safety considerations alone also prohibit the use of such 
equipment for widespread moisture monitoring. 
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2.2.5 Thennal conductivity 
Thermal conductivity can be directly correlated with moisture content. A small 
thermistor sensor for measuring local moisture concentrations was employed by 
Woodbury (1985). The method involves extensive data acquisition and the 
dependence of the material's thermal conductivity on the moisture content must be 
previously established; thermistor probes must each be individually calibrated. 
Correlation data shows that very large changes in thermal conductivity at low 
moisture contents but there is poor correlation at high values, Woodbury (1985). The 
thermal properties of materials, clearly depend on many other factors (e.g. density) 
making the method difficult to employ generally. 
2.2.6 Nuclear magnetic resonance 
Nuclear Magnetic Resonance (NMR) techniques have been applied to measure wood 
moisture contents under laboratory conditions by Sharp (1978). Such NMR 
techniques are based on the fact that the nucleus ofeach hydrogen atom in water is a 
magnetic dipole due to its characteristic spin. The orientation ofthe nuclei may be 
changed by applying radio frequency (RF) radiation to the sample; detection of the 
energy absorbed by the sample leads to the NMR signal which is measured. By 
appropriate calibration, the signal from the hydrogen nuclei corresponds to the 
number of water molecules present. Two techniques are available for using NMR to 
measure moisture content, one steady state and the other transient state. In the 
continuous wave system the RF excitation frequency is swept through all the free 
proton resonance frequencies, giving complex information which is difficult to 
interpret. In the more commonly used pulsed system, an initial equilibrium 
magnetisation is first applied to the sample parallel to the external magnetic field, 
together with the sinusoidal alternating magnetic field of appropriate frequency. Then 
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a short, intense burst of a magnetic field oscillating in resonance with the spin 
precession frequency is applied at right angles to external magnetic field. The results 
from NMR are independent of grain orientation. As Sharp (1978) explains, this 
method is not practical for field measurement, since it is necessary to remove small 
samples from the wood in the order of 1 cm3 or less, and the method cannot be used 
for in situ measurements. As the equipment is complex and expensive and needs 
skilled staff to operate, it is only cost effective if measurements more detailed than 
simple MC are required. 
In the next section, electric moisture measuring methods, which provide essentially 
instantaneous and non-destructive moisture measurements, are discussed. 
2.3 Electrical Methods 
The electrical methods make use of electrical properties of wood which depend 
considerably on moisture content, namely its electrical resistance, dielectric constant 
and radio-frequency power loss. Therefore, there are two general types of electrical 
methods for moisture measurement in use, namely, capacitance and resistance 
techniques. 
2.3.1 Capacitance and radio-frequency power-loss types of moisture meters 
The dielectric properties of wood change in proportion to its moisture content. 
Moisture meters of the capacitance and radio-frequency power-loss type operate on 
the same principle. The water molecule is highly electrically polarised which means 
that the presence ofwater greatly affects the measured capacitance. The capacitance, 
C, is given by C=syCO ' where Co is the capacitance in air and the 8, is the relative 
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permittivity. The radio-frequency current is applied to some type of capacitor which 
is pressed as an electrode against the timber to be tested. These instruments are 
calibrated directly in moisture content percentage or the scales are marked with 
arbitrary numbers and conversion tables for moisture content are provided. The range 
ofmeasurement of power-loss types capacitance meters is from 0 to about 25% 
moisture content. 
Electrodes for this type of meter are usually a series of spring loaded buttons or a 
metal ring. Field penetration varies from meter to meter but it should be remembered 
that the electric field is stronger nearer the surface of the timber and therefore the 
reading is predominantly related to the moisture content near to the surface. The 
measured moisture levels can be greatly distorted if there is, for example, surface 
condensation, as discussed in James (1975, 1986), when instruments may indicate 
high moisture levels even if the rest of the material is quite dry. The surface condition 
of the tested samples is another factor affecting the readings. If the surface is rough, 
readings are likely to be too low. The readings also depend on the density ofthe 
specimen. Since density varies considerably within a species, and the meters are 
calibrated for the average specific gravity of each species, an error may occur. This 
error is directly proportional to the difference between the density of the wood being 
tested and the value used for calibration. Density determinations of every sample (so 
that readings could be corrected) would be too cumbersome for general use. 
2.3.2 Resistance-type moisture meters 

The measurement is based on the fact that between the oven-dry condition and the 

fibre saturation point a nearly linear relationship exists between the logarithm of the 
electrical resistance and the moisture content. Table 2-1 shows the calibration data for 
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Douglas-flr, at 20D C, using two pairs of pins spaced 30 mm apart along the grain, and 
driven to a depth of 8 mm into wood ofunifonn MC. 
Table 2-1 Electric resistance at various wood MC (Skaar 1988) 
MC% 8 10 12 14 16 18 20 22 24 

Douglas-fir (MO) 4780 630 120 33 11.2 4.6 2.14 1.10 0.6 

A generalised correlation between moisture content and electrical resistance is 
depicted in Figure 2-2, extracted from Skaar (1988). The shaded area shows the 
region in which 90% of commercially available species fall. 
j. 
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Figure 2-2 Electric resistance (log scale) versus moisture content for a range of timber 
species (source: Skaar 1988). 
It can be seen from Figure 2-2 that for a given moisture content, the range of 
measurable resistance can vary up to two orders of magnitude. Much of this 
variability is attributed to the variations in mineral and organic constituents of each 
species as well as the growth rate, Skaar (1988). 
Figure 2-3 shows that the electrodes generally used by the resistance-type moisture 
meters consists of two pins, two to three centimetres apart, which are inserted along 
the grain into the timber under test. The moisture meter then applies a set potential 
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difference (usually DC) across the pins, resulting in the flow of electric current 
between the pins. This electric current directly correlates with the moisture content of 
the sample, in the electrode area. The reliability of results is affected by the problems 
associated with the probe/wood interface. 
Handle 
Metallic shaft controls the 
Pin 
Figure 2-3 A typical hammer-electrode for resistance-type moisture meters; the 
electric current between the pins gives an estimate of the moisture content 
in the area of timber between the pins of the electrode. 
This type of moisture meter may also be used to investigate the existence of a 
moisture gradient within a sample. Insulated needles are first driven in to a shallow 
depth and then to their full extent. 
Oliver (1997) states that the most widely used moisture meter is the resistance-type 
and these instruments are invaluable in comparisons of dampness provided the same 
material is used throughout. But Parrott (1997) warns that the "main culprit" of 
misdiagnosis of rising damp is the moisture meter. Clearly, there are a number of 
factors which are affecting the meter readings. 
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2.3.3 Factors affecting moisture measurement with electrical resistance type meters 
1. Species 
The species being measured is important as different timbers have different electrical 
resistance at the same moisture content. The broad band in Figure 2-2 also explains 
why species corrections are necessary. Therefore, it is important to set up a calibration 
table where these are available for accurate results. 
2. Grain direction 
The electrical resistance of timber is higher across the grain than along it and 
therefore it is important to follow the manufacturer instructions with regard to the 
orientation of probes. Natural defects such as knots, pitch or resin pockets, sap stain, 
dote (a result of fungi attack) and irregular grain should be avoided. 
3. Temperature 
The temperature of the wood also affects the moisture content-resistance relationship, 
as the conductivity of timber increases with increasing temperature. Therefore, 
measurement of moisture content at temperatures higher than the calibration 
temperature of the meter, would overestimate values. Similarly, if the temperature of 
the wood is below the calibration temperature of the meter, then the results will be 
underestimated unless compensations are made. 
Accurate measurement of moisture content of "hot timber" is further complicated by 
the fact that the temperature of the timber could be rapidly changing, as is the scenario 
for the timber that has just come out of a drying kiln. The difficulty in measuring the 
moisture content of wood with varying temperature has been clearly acknowledged by 
moisture meter manufacturers (see TRADA 1991). 
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Figure 2-4 shows the effect oftemperature on the logarithm of resistivity (r) at various 
moisture contents (adapted from Skaar 1988). It is observed that an increase in the 
temperature ofwood results in a decrease in its resistivity (or an increase in the 
conductivity). This is why temperature corrections are necessary to compensate for 
moisture meter readings, where the temperature of the wood under test is considerably 
different to the calibration temperature of the meter. 
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Figure 2-4 Effects of temperature on resistivity of timber at various moisture content 
(Me) (Source: Skaar 1988) 
WOOD TEMPERATURE 
Figure 2-5 The effect of temperature on the readings from a typical resistance-type 
moisture meter (Source: Skaar 1988). 
Figure 2-5 shows the variation in the readings from a typical resistance-type moisture 
meter for a range of temperatures (Skaar 1988). The oven dry moisture contents have 
been shown for comparison. 
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It is observed that the rate of change of the meter reading with temperature 
(dMCId T) increases with increasing oven dry moisture content. For example, at 20 
DC the magnitude of dMCId T increases from approximately 0.08% per DC at MC = 6 
%, to 0.25% per DC for MC = 26 %. 
4. Chemicals in timber 
Timber which has been treated with flame-retardant or preservatives is likely to give 
an incorrect reading (usually higher than actual). 
In summary, high cost more sophisticated moisture meters have embedded facilities 
for incorporating various corrections, and automatically perfonn the necessary 
compensations based on species and temperature settings adjusted by the user. In 
case of the lower cost meters, temperature and species correction tables are used to 
perform the required adjustments, manually. In such cases, the temperature correction 
is followed by the species correction. 
2.4 Conclusion 
Determination of the "reference" ofmoisture content in timber is usually carried out 
using the basic gravimetric technique, though it should be noted that at least a dozen 
different methods have been recorded in the literature. The two most relevant 
methods to this thesis are summarised below. 
First, the gravimetric method is the definitive method ofmeasurement moisture 
content, so that most of other methods use the oven-dry method for calibration 
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purposes. However, this method crumot be carried out on-site quickly and non­
destructively. 
Second, where ease and speed of operation are preferred to extreme accuracy, 
moisture contents are assessed using electric moisture meters: these may be either DC 
in operation, measuring the change in resistivity ofwet timber compared with dry, or 
AC in operation, determining the increase in dielectric higher moisture contents. 
These meters require calibrating and different scales are often present for different 
groups of timber. 
But the oven dry and meter methods are not really interchangeable; rather, one 
supplements the other. Oven dry testing indicates average moisture contents of a 
limited number of samples of any moisture content, while meter testing offers any 
number spot tests at many points with a limited range oftypically 6-24% MC but with 
individual readings subject to an error of up to ±2% even with competent uses. 
Methods relying on the measurement of electrical conductivity or capacitance are 
inexpensive, fast and easy to use. This is the most popular method currently in use. 
However, various considerations need to be taken into account; the complex 
inhomogeneous structure of timber, interspecies and growth dependent variations as 
well as temperature and density are among factors affecting this correlation. Such 
factors have various effects on the correlation between electrical properties of timber 
and its MC. 
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At present, lack of agreed standard calibration values means that the correction factors 
used by moisture meter manufacturers do not adhere to agreed criteria (Hall 1994). 
The lack of standardisation of resistance type moisture meters has resulted in 
individual development of moisture meters, calibrated using independent empirically 
obtained data. These calibration factors have remained the property of the developers 
and therefore their authenticity is in question (Hall 1994, Ahmet 1997). Simpson 
(1994) makes comments on correction factors of resistance-type moisture meter for 
four tropical wood species. Critical problems caused by this scenario are investigated 
in Jazayeri (1999), where a detailed study on the performance of nine commercial 
resistance-type moisture meters is discussed. Therefore, a comprehensive database 
which includes the calibration factors discussed in this Chapter, namely, temperature, 
wood species, relative humidity, is crucial to the wood engineers and other users. 
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3. 	Preliminary Experiments for Data Acquisition of Timber 
Equilibrium Moisture Content 
3.1 Introduction 
Satisfactory performance of many timber components in construction is 
dependent on an appropriate match between the moisture content of the element 
or component and the ambient conditions which prevail long-term. Even small 
levels of mismatching can give rise to distortion, shrinkage, swelling, failure of 
joints and a catalogue of secondary effects, visual, physical and mechanical. Such 
mismatching may come about because the timber is supplied too wet (or too dry) 
or, perhaps more usually, because the building (or microclimates within it) has not 
yet reached its normal in-service environmental condition. 
In diagnosing the cause of distortion, shrinkage, etc., it is usually necessary to 
"reconstruct" the sequence of moisture content changes from subsequent 
measurements and a knowledge of the dimensional responses and moisture 
equilibria of timber of different species, sizes and grain orientation. Fundamental 
to this is a knowledge of the EMC of timber in relation to the known temperature / 
relative humidity conditions. 
To an extent, information of this type is available through charts such as the one 
pre ented in Figure 1-4. However such charts are often based on data 
amalgamated from a number of species of timber and / or extrapolation of data 
generated when drying timber from green condition. Actual values for the EMC 
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of specific species have been shown to differ substantially from values derived 
from such charts, (Hall 1996). In one investigation, the oven-dry moisture 
contents spanned 12.8% to 21.0%, for conditioning at 85% RH and 20°C even 
though the mean EMC for the ten species tested (18.4%) was in good agreement 
with the expected value from Figure 1-4 (Hall 1996). 
A previous research project7 carried out by Moisture Research Group (MORG) 
examined the EMC of timber in a range of actual in-service environments on a 
UK, nation-wide basis and produced an experimentally derived database on the 
EMC of various commercial significant species in a range of in-service 
environments (Kaczmar 1996). The programme sought to establish EMC / 
temperature (T) / relative humidity relationships of timber in present-day 
environments, as a means of evaluating the accuracy and 'appropriateness' of 
current moisture measurement standards. 
Many diagnostic investigations of timber moisture content problems require 
reliable data specific to the individual timber species in environmental conditions 
found in buildings today. The accurate EMC data resulting from this work has 
provided a powerful diagnostic tool for both specifiers and consumers in 
investigations involving the supply of timber, the moisture content of which is 
inappropriate to the service condition. It also forms the basis of the remainder of 
this thesis. 
7 A two year research project conducted under the 1995/1996 UK Construction Research 
Programme. sponsored by the DETR (Department of the Environment, Transport and the 
Regions) and TRADA (Timber Research and Development Association), and carried out in 
collaboration with MORG. the University of Luton. 
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The results of a literature review carried out before undertaking the main EMC 
trials raised questions concerning the influence of a number of factors on the final 
FMC of timber in a given T / RH condition. These concerns justified preliminary 
experimental work to resolve the following issues: 
1. The effect of sample size on EMC of timber in a given T / RH condition; 
2. The influence of the previous drying history on the final EMC of timber for a 
riven T / Rll condition; and 
3. Whether observable differences occur between the final EMC of timber 
conditioned in large commercial conditioning rooms and timber conditioned in 
small conditioning chambers containing saturated salt solutions. 
Thc~...; issues were considered to be vital to the accuracy of this study and 
warranted further investigation prior to final commitment to a test protocol. 
Ther ..:fore to solve these issues, and to ascertain the most efficient design of 
conditioning chambers, a short pilot programme was conducted before finalising 
the protocol for the main EMC trails. 
'Ine methodology, conditions and samples selected, and the method of assessment 
fvf tile pilot programme are laid out in the following sub-sections along with the 
results, discussion and conclusions. 
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3.2 Methodology 
Issue 1 (section 3.1) was resolved using samples of two different dimensions. 
These were conditioned in large conditioning rooms. 
Issue 2 (section 3.1) was resolved using samples with three different drying 
histories, green, air-dried and kiln-dried. These were conditioned in both the large 
conditioning rooms and in the small conditioning chambers. 
Issue 3 (section 3.1) was resolved by comparing the results for the drying history 
samples in the small conditioning chambers with those from the large 
conditioning rooms. Finally, modifications to the small chambers were carried 
out; various tests were completed to ensure their correct functioning. 
3.3 Selection of Temperature and Relative Humidity Conditions 
The temperature and relative humidity conditions used in the pilot programme are 
presented in Table 3-1. These conditions were selected on the basis of those 
available for the large conditioning rooms. Similar conditions were also used for 
the small conditioning chambers for ease of comparison of results. In this sense, 
the temperature and RH regimes were not representative of in-service conditions 
but merely allowed those issues (points 1,2, and 3 in section 3.1) under 
investigation to be resolved. 
The following t lerances were applied: temperature ±2°e; RH ±5%. 
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Table 3-1 Temperature and RH conditions for the pilot programme 
Condition Temperature (OC) Relative humidity (%) 
1 21±2 35±5 
2 21±2 65±5 
3 21±2 90±5 
3.4 Selection of Timber Species and Samples 
The species of timber selected for the pilot study are presented in Table 3-2 along 
with the number and size of samples used, and their drying history. The species 
used were selected for their commercial importance and to reflect drying 
variation, beech being a permeable species, spruce and larch being refractory 
species. The last column of Table 3-2 shows the sample sets used to investigate 
Table 3-2 Species of timber, sample types and sample sizes selected for the pilot 
study 
Number of Sample size Drying Issue resolved 
Timber species Samples (mm) History in Section 3.1 
Beech, European 1 setof25 50xlOOxlO Mixed 1 
(Fagus sy!vatica) 1 set of25 50xlOOx300 Mixed 1 
Larch, European (Larix 1 setof25 50xlOOxlO Mixed 1 
decidua IL.kaempferi) 1 set of25 50xlOOx300 Mixed 1 
Beech, European 1 set of30 50xlOOxlO Green 2&3 
(Fagus sylva/iea) 1 set 0[ 30 50xl00xlO Air-dried 2&3 
1 set of 30 50xIOOxlO Kiln-dried 2&3 
Spruce Sitka 1 set of30 50xlOOxlO Green 2&3 
(Picca sitchensis) 1 set 0£30 50xlOOxlO Air-dried 2&3 
1 set of 30 50xlOOxlO Kiln-dried 2& 3 
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the various issues. The length in the direction of grain was 10 mm for the small 
samples and 300 mm for the large samples (Table 3-2) for the purpose of 
comparison of possible effects arising from sample size. 
3.5 Assessment of Equilibrium Moisture Content 
Samples were weighed at regular intervals and retained in each condition until 
two successive readings, taken at no less than 6 hours apart, varied by less than 
0.01% of the sample weight. After achievement of the final condition, the 
samples were dried in an oven at 103°C ±2°C and weighed using the above 
criteria. The respecti ve EMCs were then calculated using Equation 2-1 and 
expressed as a percentage ofdry weight. Calibrated balances of appropriate 
accuracy and resolution were used throughout. Note that the British Standards for 
some test methods, e.g. BS 5669: Part 1 1989 and BS EN 120 1992 in referring to 
the determination of constant mass specify a variation ofless than 0.1 % of sample 
weight with weighings at no less than 6 hours apart. However, in the absence of 
such specifications for so lid timber, the criterion of 0.01 % was used to ensure a 
highcr lcvel of accuracy and to overcome possible effects arising from sample size 
(see section 3.7). 
3.6 C onditioning Equipment Used and Developed 
Large conditioning rooms operated by the BRE for standard laboratory test work, 
were used to re olve all three issues (section 3.1) while small conditioning 
chambers w re eventually developed to resolve issues 2 & 3 (section 3.1). It 
5h uld be n ted that the latter were essential as it was not economically viable to 
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employ a large number of commercial chambers for the nine RH / T regimes 
necessary for the experiment. 
The large conditioning rooms were standard, electronically controlled and 
monitored commercial conditioning rooms with an approximate volume of 40m3• 
The small conditioning chambers were purpose-built units which used saturated 
salt solutions for RH control and were placed in cabinets for temperature control, 
each unit had an approximate volume of 0.02 m3. 
Various saturated salt solutions were used in the conditioning chambers to 
maintain constant RH (listed in Kaye 1986). Researchers continue to condition 
small timber specimens in this manner, see for example Wu and Suchland (1996), 
although there appears to be an absence of published quantitative comparisons 
between various designs of chamber. The designs of conditioning chambers 
developed for the purpose of this work are next described. 
Two versions of the small-scale chambers were built: the modified version 
followed from lessons learnt from the prototype chamber. The prototype chamber 
consisted of an airtight plastic container with samples laid out on a rack supported 
over a tray of saturated salt solution (Figure 3-1). Further discussion ofprototype 
conditioning chamber can be found in Dai (1997). The modified chamber was of 
similar construction and layout but with the tray of saturated salt solutions 
covering a large proportion of the base of the container and the addition of a low 
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Key 
a: Plastic container and lid with airtight seal b: Timber samples 
c: Spacers between samples d: Plastic coated wire mesh stand 
e: Plastic tray containing salt solution 
Figure 3-1 Prototype small-scale conditioning chamber. 
~ -------------.-- -..1 
----...... .------- - ---~ 
Key 
a: O.8W fan - power supply outside container with cable entry sealed with silicone rubber 
b: Plastic container and lid with airtight seal c: Timber samples 
d: Spacers between samples e: Plastic coated wire mesh stand 
f: Plastic tray containing salt solution 
Figure 3-2 Modified small-scale conditioning chamber. 
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Table 3-3 Saturated salt solutions and relative humidity achieved at 21°C 
Saturated salt Relative humidity (%)- variation 
solution from nominal values are in brackets 
Magnesium chloride 35(-2) 
Sodium nitrite 65(+1) 
Sodiurn chloride 75(+1) 
Potassium nitrite 
'-­
90(+3) 
power electric fan (Figure 3-2). The conditioning chambers were placed in large 
insllLttC(' <abinl.':ts for maintaining constant uniform temperature. 
The saturated salt solutions used are noted in Table 3-3. These salts were selected 
to providt: th\; Hcarest available RH to those required and anticipated deviations 
from target are shown in Table 3-3. 
3.7 Results and Discussion 
Thc findings of the pilot work are presented in Figures 3-3 to 3-5 and also 
summar'!d' Av',:ndix A, Table A-I to A-3. The curves shown in Figures 3-3 
to 1-5, (".'; tnld lines derived from the mean EMC values for each set of samples 
USl!d. Standard errors, obtained using Fn' are too small to enable entry onto 
plou>, FvI' compa~~;;,on purp-..;~.!s, EMC values for a range of RH corresponding to 
n tempc:nlture of 21 "e were obtained from the chart presented in Figure 1-4, and 
have he-en inclutioo into these graplls as n reference datum. Comparison between 
th\.! large cQIlditioning rooms and the small conditioning chambers were made 
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3.7.1 Effect of sample size 
The results assessing the effect of sample size are presented in Figure 3-3. These 
show that the small samples were "drier" in the low RH condition and "wetter" in 
the high RH condition than the large samples. 
There appear to be two factors influencing the results: 
1. 	 the surface area to volume ratio including (the proportion of) end-grain and 
2. 	 the fixed period of time for which the trial was conducted meant that the large 
sample may not have reached EMC. 
The small samples had a proportionally greater surface area, and end-grain, to 
volume ratio than the large samples, therefore creating greater accessibility of air! 
moisture to the interior in the case of the small samples resulting in a more rapid 
change in the moisture content. Given this, if a longer period oftime had been 
available then it is likely that the difference in the EMC for the two sample sizes 
would have been smaller, although Tsoumis (1991) notes that large samples can 
be subject to ongoing changes in EMC due to changes within the sample. The 
findings suggest that for the purposes of the main EMC trials, the samples should 
be small, but with the longitudinal length significantly greater than the radial! 
tangential lengths. This is to enable the required series ofEMCs to be achieved in 
a reasonable period of time whilst keeping the ratio of sample dimensions as 
closely representative to in-services use as practically possible. 
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3.7.2 Effect of sample history 
The data for the green, air-dried and kiln-dried samples are presented in Figure 
3-4 and show similar trends for both species of timber with variations between 
drying history of < 0.5% MC at 35% RH rising to 2% MC at 90% RH. The kiln­
dried samples consistently returned lower EMC than either the green or the air­
dried samples. This is in agreement with literature reports that previous drying 
history has an influence on the final EMC of wood (Dinwoodie 1981; Chafe 
199 1). Skaar ( 1972) also points out that kiln-dried wood has a lower final EMC 
than either green or air-dried wood and that the higher the temperature during 
kilning the lower the final EMC of the wood. 
The above literature also reports that samples of green timber produce higher 
EMC than samples of air- or kiln-dried timber which is not the case for the 
samples in 35% & 65% RH conditions reported here. It may well be that the 
moisture content of the air- or kiln-dried samples, prior to conditioning, was 
sufficiently high for the samples to behave more like "green" samples during the 
earlier stages of conditioning. However it is more likely that these samples were 
not oven-dried prior to conditioning whereas for the majority of work reported in 
the literature, experimental EMCs are normally derived following oven-drying of 
samples, as explained in Skaar (1972). The oven-drying timber can lead to the 
driving-offof volatile compounds which can be misconstrued as moisture and 
therefore lead to artificially high EMC for green timber. As noted, the samples 
rep rtcd on her w re not oven-dried prior to conditioning, hence the EMCs are in 
b tter agreement. Given these findings, and the fact that the majority of timber 
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species used commercially in the UK are either air- or kiln-dried, it was decided 
for the main experiments to use kiln-dried where possible with air-dried as a 
second choice; green timber would only be employed as a last resort. 
3.7.3 Effect of conditioning chambers 
The comparative data for the large conditioning rooms and the small conditioning 
chambers are presented in Appendix Table A-3 and Figure 3-5. The saturated salt 
solutions used in the small conditioning chambers gave marginally different RH 
than those available in the large conditioning rooms (see section 3.6), however, 
both temperature and RH were maintained within the specified tolerances for both 
the rooms and the chambers. 
Results from the prototype conditioning chamber did not compare favourably with 
the conditioning rooms. The EMC for the samples in the chamber were 
irhonslst-!nt, being high at low RH and low at high RH (Figure 3-5) compared 
\\'1(h the large conditioning rooms, and the predicted results from Figure 1-4. The 
results suggested that 
1. the seals wcre inadequate; 

'1 the rescrvoir of saturated salt solutions covered too small a surface area, and 

3. that convcction within the chamber was impeded. 

From the kSSlms leamtt l11c modified conditioning chambers included a better 
,,: an increase in surface area for the saturated salt solutions 
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and were tested with and without a miniature low voltage (0.8 W) high 
perfonnance fan, incorporated to assist air circulation within the chamber (Figure 
3-2). The very low power dissipation of such fans minimises any local variations 
in temperature; these were undetectable to within ± 0.1 °C. 
To test the modified chamber 30 samples of European beech (50 x 100 x 10 mm) 
were <.:ondition~d a121 °C and 33% & 76% RH, using saturated salt solutions of 
magnesium chloride and sodium chloride, respectively. The data from the 
modified chambers compared well with the data from the conditioning rooms 
(Figure 3-5). The EMC for the both sets of samples were virtually identical 
irrespective of the use of a fan suggesting that the final EMC was not influenced 
hy the presenc c; of the fan \vhen conditioning a porous species such as this. Figure 
3-6 shov ...'s the results of a test that show the effect of including the fan. 
Furth .. r, f.: s'.ndard deviation in moisture contents for samples in the chamber 
without the f,m was ±: 0.40% Me, while that in the chamber with the fan was 
L I). I (ul"~ "ill' ~lvern.g~d o"~r the same 14 day measurement period. This would 
sugg_,.)t C;..t conditioning times could be reduced by a factor of around 2.5. 
f.-,llC'·,"in'7 thc-~ findings, it was therefore recommended that the modified 
C'nl1J;fi.UI~!ng ('haI"1hl!I"<: bl! H'icd 'li\ith the fans installed. In conclusion, the 
Jnodi ~ca ,)n! ,/ie' led not only u substantial reduction in the time needed for EMC 
to bl! 8chJe\'cd, hutal$O rcducoo variability between samples,enable more 
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Figure 3-6 Comparison of variation in MC when diffusion and fan-assistance is 
used to reach EMC (initial MC = 12.4%) 
3.7.4 Comparison with published data 
A final but important observation was that for all three sets of data the EMC 
values obtained for the three species of timber used were below the predicted 
values from published data. The difference is marginal at 35% RH, with some 
samples giving results marginally above the predicted values, but is significant at 
90% RH with all samples below the predicted values and one set of samples, the 
large beech f lerch, being almost 5.2 percentage points below the predicted value 
(Appendix Table A-I ). A number of factors were identified as possibly 
contributing to this pattern: 
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1. The predicted data taken from Figure 1-4 as an average for "all timber 
species" may I may not have included the species reported here, see 
background (section 3.1) and (Hall et aI1996). 
2. 	 The predicted data from Figure 1-4 was for timber that was drying from green 
whilst many of the current samples were already air- or kiln-dried. 
3. 	 The predicted data from Figure 1-4 was from desorption cycle whereas the 
current data was for an adsorption cycles. 
3.8 Conclusions 

F our main conclusions can be drawn from the series of pilot experiments: 

1. 	 The differences in EMC due to sample size effect are explained by the 
differences in surface area to volume ratio. Sample size effects have largely 
been eliminated in the trial on account ofthe fact that the weight deviation 
limit between successive weighings at which constant mass was assumed was 
low (0.01 %). Therefore, for the purposes of the main EMC trials, samples 
with a longitudinal length significantly greater than radial tangential length 
should be used to minimise end-grain effects and to be more representative of 
actual component dimensions used in-service. 
2. 	 The differences in EMC due to drying history were small and largely in 

agreement with published data. Therefore the type of samples used, with 

8 according to hysteresis loop phenomena the adsorption cycle produces a lower EMC than the 
desorption cycle and both ofthese cycles produce lower EM~ than the initial desorption cycle 
given equivalent conditions of temperature and RH (see sectIons 4.2 and 4.3 for further 
discussion) 
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respect to drying history, should primarily be kiln-dried, or air-dried as an 
alternative. 
3. 	 Inconsistencies in EMC data from large conditioning rooms and small 
conditioning chambers indicated various design flaws in the prototype 
chambers. Modified chambers produced results which were comparable to the 
conditioning rooms. The modified chambers should therefore be used to 
facilitate ease of operation, provide greater flexibility of conditions and 
minimise costs. 
4. 	 The three species used in the preliminary experiments all showed consistent 
variations in EMC from the commonly used temperature versus relative 
humidity chart (Figure 1-4) over the range of relative humidity used in the pilot 
programme. 
S. 	 It should be noted that in the pilot experiments 
a) the EMC results were for individual timber species rather than a mean 
value for a range of timber species; 
b) current samples being conditioned in an adsorption cycle rather than an 
initial desorption cycle as per comparative data. 
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4. 	 Main Experiment for Producing a Database of Equilibrium 
Moisture Content for 20 Timber Species 
4.1 Introduction 
Based on the findings of the pilot programme (see chapter 3), the main EMC trials 
used small dimension samples that had been either air-dried or kiln-dried. The 
diversity and number of relative humidity and temperature conditions required to 
meet the project objectives made it impractical to use the large conditioning rooms 
used in the pilot programme. Therefore the modified small-scale conditioning 
chambers that had been developed during the pilot program (sections 3.6 and 3.7) 
were used. 
In order to conduct the trials for the range of species in adsorption and desorption 
cycles in parallel, a number of conditioning chambers were placed inside large 
temperature controlled cabinets. An electronic control/monitoring system was 
also developed to monitor the temperature and relative humidity and adjust the 
temperature as necessary. This development work, the methodology, conditions, 
samples selected, and method of assessment for the main EMC trials are laid out in 
the following sub-sections (4.2 to 4.6) along with the results, discussion and 
conclusions (sections 4.7 and 4.8). 
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4.2 Methodology 
Samples of twenty different species oftimber of commercial importance in the UK 
market (for internal use) were selected and conditioned in the modified 
conditioning chambers. Two sets of samples were conditioned for each species 
selected, one through an adsorption cycle, the other through a desorption cycle. 
The conditions used were selected to reflect common in-service conditions in the 
UK. Samples were monitored regularly and as each set reached a stable weight it 
was moved to the next successive condition. Once all 9 conditions had been 
sequentially achieved for each set, oven-dry weights were determined and EMCs 
were calculated for all conditions. The results were then used to compile a 
database, including time taken to attain each respective EMC, and curves plotted. 
The reason ior conditioning samples in both of these cycles is that a given sample 
of timbL:r will attain a different EMC, for the same conditions of temperature and 
RH, depending on which cycle (adsorption or desorption) is being followed in 
order to arrive at the appropriate equilibria (Spalt 1957; Rowell 1984; Skaar 1988). 
The curves of the resulting EMCs are known as sorption isotherms and relate the 
EMC aL.lined to the RH at a given temperature; there are three such curves as 
follows (Ska,lr 1972; Rowell 1984): 
• an UPPl"i "fj:,-ve (Figure 4-1), kno\vn as the initial desorption isotherm, which is 
gcncr,lted when timber is dried from the green condition, above fibre saturation 
d d" 9point (FSP) (Section 1.4). down to the oven- ry con 1110n 
9 The oven~dr:Y~ndition (at 103 QC :l2 °C) for timber is the point at which the timber has a 

nominal 0% Me 
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as 
• 	 a lower curve (Figure 4-1), known as an adsorption isotherm, which is 
generated when re-wetting timber that has previously been dried below FSP 
(usually to the oven-dry condition), and 
• 	 an intermediate curve (Figure 4-1), known as a desorption isotherm, which is 
generated when re-drying wood that has previously been dried below FSP 
(usually to the oven-dry condition) and subsequently re-wetted. 
The latter two of these isotherms usually merge at, or approach, the oven-dry and 
FSP conditions to form what is known an 'hysteresis loop' (Figure 4-1). This loop 
IviC 
(%)16 
• 
20 
,
, 
Initial Desorption I
'-ISecondary Desorption , 
I 
40 60 80 
RH 
100 
Figure 4-1 	Moisture content (MC(%) plotted against percentage RH showing the 
initial desorption isotherm, adsorption isotherm and (secondary) 
desorption isothcnn. (adapted from Walker 1993) 
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represents the minimum (adsorption isotherm) and maximum (desorption 
isotherm) EMC attainable for a given species of timber for any RH at a given 
temperature (Rowell 1984). 
4.3 Selection of Temperature and Relative Humidity Conditions 
A sequence of nine temperature and relative humidity conditions was used for the 
main EMC trials in both adsorption and desorption cycles (Table 4-1). These 
conditions were selected to reflect common in-service conditions in the UK. One 
set of samples for each timber species selected (set'A') was conditioned from 'dry 
to wet' (adsorption) while a second set (set 'B') was conditioned from 'wet to dry' 
(desorption). The rationale for this was to take hysteresis effects into account. In 
the case of Spruce and Larch, separate sets ofheartwood and sapwood samples 
were conditioned in both adsorption and desorption cycles. The following 
tolerances were applied: temperature, ± 2°C and relative humidity, ± 5%. 
Table 4-1 	Conditioning sequence for temperature and relative humidity for the 
main EMC trials lO 
Set'A' - adsorption samples 
TeC) 10 10 10 20 20 20 30 30 30 
RH(%) 35 55 75 35 55 75 35 55 75 
Set '8' - desorption samples 
T (0C) 30 30 30 20 20 20 10 10 10 
RH(%) 75 55 35 75 55 35 75 55 35 
10 lbe words "adsorpt ion" and "desorption" for the conditioning sequences employed refer to 
constant temperature. 
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4.4 Selection of Timber Species and Samples 
A total of twenty species of timber, 7 softwoods and 13 hardwoods each of, 
commercial importance in the UK market were selected for the main EMC trials 
(Table 4-2). Samples of these timber species were selected to represent the widest 
possible range of source material, e.g. supplier, growing region, growth rate, 
density, different part of tree trunk, etc. No distinction was made between 
heartwood and sapwood, except for spruce and larch, which, due to commercial 
availability, were selected to identify heartwood/sapwood differences. One of the 
sources for variation in EMC noted in the literature is the location of the sample 
within the tree, where one such variation is the difference between heartwood and 
sapwood (Wood Handbook 1974). In many species of timber, the sapwood forms 
only a small proportion of the tree cross-section while in others it forms a large 
proportion. For some uses the sapwood has to be removed while in others it does 
not. It is therefore necessary, in cases where sapwood is present in-service, to 
know if there is a significant difference in the EMC of sapwood and heartwood. 
Two sets of samples were prepared for each species oftimber, and for each of the 
larch and spruce heart and sapwood (giving 44 sets in total). Each set consisted of 
30 samples which were cut to 140 x 20 x 20 mm (length parallel to the grain). One 
set was used for the adsorption cycle and the other for the desorption cycle. All 
samples were uniquely coded for traceability. 
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Table 4-2 Timber species selected for the main EMC program 
Timber Species 
Softwoods 
Douglas Fir 
 Pseudotsuga menziesii 2 
Larch, European (UK) 

2 
Spruce, Sitka (UK) 

2 
2 
2 
Redwood, European (Scots Pine) 
 Pinus sylvestris 
Western Hemlock 
 Tsuga heterophylla 
Western Red cedar 
 Thuja plicata 
Whitewood, European 
 Picea abies/Po excelsaiAbies alba 
Hardwoods 
Ash, American 
 Fraxinus americana 2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
Beech, Eu ropean 
 Fagus sylvatica 
Cedar, Brazilian (Cedro) 
 Cedrelaspp 
Iroko 
 Chlorophora excelsaiC. regia 
Mahogany, African 
 Khayaspp 
Mahogany, American 
 Swietenia macrophylla 
Meranti 
 Shoreaspp 
Oak, American Red 
 Quercusspp 
Oak, American White 
 Quercusspp 
Oak, European (UK) 
 Quercusspp 
Okoume (Gaboon) 
 Aucoumea klaineana 
Sapele (African Redwood) 
 Entandrophragma cylindricum 
Utile (African Redwood) 
 Entandrophragma utile 
Genus group No. of sample sets 
Larix decidua II. kaempferi 4* 
Picea sitchensis 4* 
• Sets of larch and spruce samples were ofseparate sapwood and heartwood. 
4.5 Assessment of Equilibrium Moisture Content 
Following various tests, it was decided that weekly monitoring of samples (rather 
than twice weekly or more frequent) would be most appropriate. This approach 
minimised disruption of the temperature and relative humidity conditions in each 
conditioning chamber. Each set of 30 samples was weighed to an accuracy of 
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p 
±O.Olg on a weekly basis, promptly after removal from the environmental 
chambers. On return to the chambers, samples were positioned randomly within 
the conditioning chambers to ensure uniform conditioning. When the criterion for 
EMC was satisfied (variation of less than 0.01 % between successive weighings) 
for the entire set, then samples were weighed individually. Batches of samples 
were then inserted into the next condition in the conditioning sequence. After 
achievement of the final condition, the samples were dried in an oven at 103°C ± 
2°C and weighed using the above constant mass criteria. The respective EMCs 
were then calculated using Equation 2-1. Calibrated balances of appropriate 
accuracy and resolution were used throughout. All data were recorded manually 
and subsequently transferred to computer spreadsheet for analysis. 
As specified previously (Section 3.5), standards for some test methods, e.g. BS 
5669: Part 1 1989 and BS EN 120 1992 cite different constant mass criteria, 
ranging from 0.1 % to 0.01 %. However, in the absence of such specifications for 
solid timber, the criterion of 0.01%, at no less than 6 hour intervals, was used to 
ensure a high level of accuracy, to overcome the effects of sample size (see section 
3.7) and to ensure repeatability. 
4.6 Conditioning Equipment Used and Control Units Developed 
The modified conditioning chambers discussed in sections 3.6 and 3.7 and 
presented in Figure 3-2 were used for the main EMC trials. These chambers were 
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located in large temperature controlled cabinets (Figure 4-4) and temperature & 
relative humidity monitored and controlled as detailed below. 
4.6.1 	 Temperature control 
In order to achieve the three conditioning temperatures selected, 10, 20 & 300C, 
the conditioning chambers were enclosed within standard laboratory refrigeration 
cabinets (Figure 4-4) which were automated by means of the control arrangement 
r·----------------------------------·----------------------.----------.-------------------------.-----------·--·------1 
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DP LED display panel 
H heater - switched on by solid state relay connected to the 
temperature controller to reduce electrical interference 
R 	 refrigerator; n.b. the 5% set-point hysteresis prevents 
short-circuiting of the refrigeration system that could otherwise 
lead to premature compressor failure 
ST set temperature 
TC temperature controller 
TCE temperature controlled environrnent 
TEC temperature compensation 
TS temperature sensor; n.b. if this becomes open circuit, then the 
output relay automatically returns to the de-energised condition 
Figure 4-2 Schematic diagram of the temperature control mechanism for the main 
EMC program 
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shown in Figure 4-2. This control system provided a fast time response to changes 
in temperature and was fail-safe protected. The conditioning chambers were 
placed remote from the refrigerator cooling systems to prevent condensation and 
the heating units used were direct-radiation shielded to minimise localised heating 
within any of the conditioning chambers. A fan was also included in each 
refrigeration cabinet to ensure efficient convection and provide temperature 
homogeneity throughout the cabinetll. The cabinets were monitored using micro­
dataloggers to verify temperature constancy within the specified tolerances of 
±2 °c (section 4.3). 
4.6.2 Maintaining relative humidity 
The relative humidity in the chambers was maintained using solutions of saturated 
salts, as per the pilot program (Chapter 3). The saturated salt solutions used to 
achieve each of the selected conditioned, 35%, 55% and 75% RH, are presented in 
Table 4-3. When using such salts, systematic variations in relative humidity occur 
with changes in temperature and these variations are also noted, in brackets, Table 
4-3. Long-tenn monitoring with micro-dataloggers 12 of a selection ofproduction 
chambers has shown (Figure 4-3) that the relative humidity in chambers typically 
has a standard deviation of ±3% from the mean at temperature 20°C (with 
temperature maintained within ±1 0 C), i.e. well within the specified limits. 
II The fans were operated continuously whether in the cooling or heating mode to minimise 
temperature variations. 
12 The dataloggers (type RS 216-845) themselves were ±5% tolerace. 
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Figure 4-3 Pre-calibrated datalogger (type RS 216-845) monitoring RH 55% and 
75% at 20 DC for near 3 months. 
Table 4-3 Saturated salt solutions and relative humidity achieved at given 
temperatures 
Relative humidity (%) at temperature eq-
Saturated salt solution variation from target in brackets 
lOoe 20 0e 30 0 e 
Magnesium chloride 35 (-1) 35 (-2) 35 (-2) 
Sodium dichromate 55 (+3) 55 (0) 55 (-3) 
Sodium chloride 75 (+1) 75(+1) 75 (0) 
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Key 
a: Temperature controller unit 
b: 	Power supply for 0.8W chamber fans 
c: 	Humidity controlled chambers - maximum ten per refrigerator 
d: Low mass Platinum resistance-type temperature sensor 
e: Wire mesh shelf 
f: 	 Refrigerator unit 
g: 	Fast response 50 W heater/fan unit. The heater is embedded 

in a perforated aluminum block to maximize surface area for 

heat dissipation purposes 

Figure 4-4 Temperature controlled cabinet containing up to ten conditioning 
chambers. 
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4.7 Results and Discussion 
As previously mentioned, separate heartwood and sapwood samples were selected 
for some softwood species, European Larch and Sitka Spruce, but not for any of 
the hardwood species. This was due to the fact that sapwood is often present on 
softwood samples but it is not usually present on hardwood species, especially 
tropical hardwood species, and where it is present on hardwoods it is often 
difficult to identify and separate from the heartwood. 
The mean EMC results for all species selected and all softwoods have been 
calculated using the mean results for sapwood and heartwood in the case of 
European Larch and Sitka Spruce. This was to remove bias due to the presence of 
two sample populations for each of these species. 
All plots presenting sorption isotherms (Figure 4-5 to Figure 4-7) also include 
initial desorption isotherms which have been adapted from Figure 1-4. These have 
been included to provide a uniform comparison with findings reported in the 
literature. 
The EMC curves (Figure 4-9 to 4-11) are based on values averaged EMC for all 
RHs (35%,55% & 75%) at each temperature (lOoe, 20°C & 30°C) and include 
maximwl1 (at 10°C) and minimum (at 30°C) error curves which are plotted as a 
avera"'"e variation above and below the respective curves. 
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,p 
The data for European Larch heartwood for the adsorption cycle at the 20°C, 55% 
& 75% RH conditions appears to be significantly higher than expected, even 
given natural variation and influencing factors (see later discussion). This 
particular sample set was contaminated by way of contact of several of the 
samples with the saturated salt solution in the 20°C, 35% condition. The resulting 
EMC is therefore of limited value at best, particularly as an individual species set 
result. 
The EMCs presented for Brazilian Cedar (Cedro) are those calculated using the 
weight for the entire sample set and not the mean of the individual EMCs. This is 
because the data is missing for the individual samples in the 7th (adsorption) 
condition (30°C / 35% RH). A comparison of individual sample and sample set 
weights and EMCs for all other conditions showed no significant difference in 
resulting EMC's. It was therefore decided to use the sample set results for the 
adsorption cycle as these were available for ail nine conditions. 
In conducting the main EMC trials three main sources of potential error were 
identified: 
• Variation in temperature or RH 
Wide fluctuations in temperature or RH, even within the specified tolerances 
(section 3.3), could lead to variations in the resulting EMCs. Monitoring of the 
conditioning chambers with data-loggers, however, showed that these random 
variations were within ±1 °C for temperature and within ± 3% for RH. 
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Known, systematic variations in RH with respect to temperature, e.g. 35% RH 
specified but only 34% RH attainable at 20°C & 30°C (section 3.6), were taken 
into account during data processing. 
• Changes in sample mass during the weighing process 
Because of the time required to weigh samples individually it is possible for 
sample weights to change during the weighing process (due to moisture 
uptake). However, the change was typically < 0.5 g for a sample set mass of 
1500 g. As this represented a change of less than 0.0035% compared with the 
constant mass criteria of < 0.01 % (section 3.5) it was not considered to be a 
cause for concern. 
• Statistical error 
As the sample population was designed to deliberately include a wide range of 
natural variation it was possible for the sample mean to be biased due to 
statistical error induced from multiple populations (Figure 3.7). Nevertheless, 
EMC values were determined by calculation of the mean and variation in the 
mean value, o(EMC), for each condition were estimated from, 
o(EMC) = a / IN where a is the standard deviation and N = 30, in all cases. 
Note that this estimation of statistical error does not take into account either of 
the above mentioned sources of potential error. 
4.7.1 Adsorption and desorption isotherms 
The mean EMC results for all species selected and for all softwoods and all 
hardwoods respectively (Figure 4~5 to Figure 4-7) show comparable adsorption 
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and desorption isotherms, when compared with a range of publications, (Spalt 
1957; Turc and Cutter 1984; Rowell 1984). They also lie on or below the initial 
adsorption isotherm as in Figure 4-1 (section 4.2). The findings from this trial 
differ from the likes of Figure 4-1 in a number ofways, particularly: 
• 	 they do not form closed hysteresis loops and in some instances, (e.g. Figures 
4-5 to 4-8) lines actually cross. This can be explained by the fact that 
"adsorption" and "desorption" curves were obtained by different sets of 
samples (refer to Table 4-1) inevitably with some variations between samples. 
• 	 the gap between the initial adsorption isotherm and the respective adsorption 
and desorption isotherms varies considerably between individual species 
• 	 the adsorption isotherm is more widely spaced than the desorption isotherm 
The hysteresis loop is normally closed near the top (FSP condition) and the 
bottom (oven-dry condition) of the adsorption and desorption isotherms with these 
isotherms representing the maximum and minimum EMCs attainable for any RH 
at a given temperature (see section 4.2)13. If however, while following a particular 
adsorption or desorption cycle, a sample is switched to the opposite cycle before 
completing the original cycle then a new sorption isotherm will be traced across 
the middle ofthe hysteresis loop until it meets and follows the respective mini­
mum (adsorption) or maximum (desorption) isotherm (Figure 4-1), thus any EMC 
within the hysteresis loop can be obtained for a given temperature (Walker 1993). 
13 The ratio between the adsorption (A) and desorption (D) isotherms in a closed hysteresis loop is 
reported in the literature as being 0.70 - 0.849, mean 0.828, for softwoods and 0.785 - 0.844, . 
mean 0.812, for hardwoods (Rowell 1984; Walker 1993; Siau 1995). However as the adsorptIOn 
and desorption isothenns reported here do not form true (closed) hysteresis loops, it was not 
appropriate to calculate valid AiD ratios for any of the species involved. 
71 
It is apparent therefore that it is not necessary to achieve FSP or oven-dry 
conditions in order to close the hysteresis loop. However, even allowing for this, 
none of the adsorption and desorption isotherms plotted for the species in this trial 
form closed hysteresis loops. This is due to the fact that separate sets ofsamples 
were conditioned in each of the respective adsorption and desorption cycles. 
Therefore ~lthough closed hysteresis loops for each temperature may be 
apr~··o.v;m~!cd fhey CClnnot, by definition, be achieved. 
The m::jority of species rcpol~ed on here line up with, or are only marginally 
obo\'~ or below, the initial desorption isotherm such that the adsorption isotherm 
is below it with the desorption iS0therm in between and coinciding with the initial 
adsorption isotherm below 50% RH. While this is as expected (section 4.2), some 
spc.:ie ar. an.re,jatly above the initial adsorption isotherm, e.g. Sitka Spruce, 
African Mahogany, 'Brazilia.n Ceoar, European Larch (Sapwood) and American 
M~1()ean.T (1rZADA 1999 Appendix I). The reason for the adsorption and 
de~orption isothe~ns"",cr-~raHy being below the initial desorption isotherm, or at 
hC~1 IC=v'cI, is l..xdievc<lto oc due to a permanent loss in hygroscopicity within the 
cell w-'I r::ut('~al of the timb:r when it is dried to below FSP (Pashin and 
Del~euw 1980; Skaar 1988; Tsoumis 1991; and Siau 1995). This does not, 
hO\/e\ T, ,GCiln 1'01 the.! 5Tecies above the initial desorption isothenn or the 
vaar e 1,:tvcr 'he dif.rel sr,"~cies which is due to a number of species 
differences discussed later. 
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4.7.2 Theory underpinning 
As the cell wall material is formed, weak hydrogen bonds are produced between 
water and the cell wall material in the relatively 'open' portion of the cell wall 
known as the amorphous region. When the timber is dried below FSP, these 
hydrogen bonds are broken and the 'bound' water driven off (any 'free' water 
having been driven off in drying down to FSP). During this time shrinkage takes 
place and new bonds form between components of the cell wall material, 
particularly in the now more compact amorphous region. These new bonds are 
considered to be stronger than the original ones and so provide resistance to future 
moisture uptake (Pashin & DeZeeuw 1980; Walker 1993). 
4.7.3 Factors influencing the EMC 
The time taken for timber to attain a final EMC in adsorption, or more particularly 
the number of steps taken, affects the final EMC. Skaar (1972) reports that a 
single step rather than multiple steps can lead to a higher EMC for fmal condition 
for the adsorption isotherm e.g. one step rather than five gives a one percentage 
point increase in EMC over a 25% to 90% RH range. With respect to the sample 
in this trial, two steps were present over the 35% to 75% RH range, therefore 
although the EMC may be higher than had four or five steps been taken, the "step 
effect" is probably only small because the two steps are only over a relatively 
small range ofRH. 
These factors account for the difference between the initial desorption isotherm 
and the subsequent adsorption and desorption isotherms. It does not, however, 
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-account for the variation in EMC between individual species and groups as noted 
above and also reported in the literature (Spalt 1957; Turc and Cutter 1984). 
Differences such as these are due to a number of factors e.g. RH, temperature, 
previous history, within and between species differences, extractives, etc. 
The most significant factors affecting EMC are RH and temperature; the most 
significant of these two is RH. Essentially, changes in the EMC oftimber closely 
follow changes in the RH ofthe surrounding air (Hartwig 1959; Skaar 1988; Siau 
1995). This is because of the hygroscopic nature of timber (readily taking up 
moisture when the timber is drier, and giving up moisture when it is wetter, than 
the surrounding air). Temperature has a far less significant affect on the EMC of 
timber than does RH, causing a 0.1 % fall in EMC for each I.O°C rise in 
temperature (Rowell 1984; Skaar 1988; Walker 1993). This difference in the 
effect of RH and temperature on the EMC of timber can be seen from a brief 
examination of the results reported in Appendix B Table B-1 which shows 
typically 1.15% to 5.0% change in EMC with respect to RH but only 0.14%­
1.6% change in EMC with respect to temperature. 
The effect of previous history has already been briefly discussed. However, in the 
context of the present discussion, it can be seen to have a two fold effect: 
1. 	 first , by way of original drying history: as discussed in section 3.7, timber that 
is kiln-dried attains a marginally lower EMC than air-dried timber, within 
hysteresis/in-service, and the higher the kiln temperature, the lower the EMC. 
This is attributed to permanent loss of hygroscopicity, as discussed above, and 
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evaporation of volatile compounds during drying, especially at higher 
temperatures (Barkas 1949; Skaar 1988). The greater the loss of the volatile 
compounds the greater the apparent moisture content of the timber due to the 
inability to distinguish between water and volatile compounds without the 
collection and analysis of the driven-offvapours. 
2. 	 second, by way of previous EMC (subsequent to drying): timber that is 
undergoing desorption (within hysteresis) will attain a higher EMC than 
timber that is undergoing adsorption, when placed in the same temperature & 
RH. condition. 
In addition to the above factors which influence the EMC of timber generally, 
there are many reports in the research literature of differences both within and 
between species that influence the final EMC of timber in a given condition (e.g. 
Siau 1995) with the main difference, as with the species reported here, being 
cxhibit:d at high RH (e.g. Wangaard and Grandos 1967; Tsoumis 1991). 
Differences within species relate to heartwood / sapwood, primary wood 
constituents, density, extractives and geographical location ofthe tree' origin 
(Barkas 1949; Rowell 1984; Skaar 1988; Siau 1995). The differences between 
species relate largely to the differing proportions of these "within species factors" 
that occur in the different species. 
1. 	 lieartwood / sapwood: Skaar (1972) also reports sapwood (adsorption, 
13.05% MC~ desorption, 16.25%) as attaining higher EMC than heartwood 
(adsorption, 12.85%; desorption, 15.96%). These differences are even greater 
in green wood for some species (Table 1-1). But the data for the heartwood 
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and sapwood of European Larch and Sitka Spruce (Appendix B Table B-2) 
show no clear pattern in the manner reported above. This is most likely to be 
due to the fact that separate sample sets were used for each ofthe adsorption 
and desorption conditioning cycles. 
2. 	 Primary wood constituents: these vary in terms of availability of sites to which 
water can be bonded. The proportion of each of the primary wood constituents 
also varies between early wood and late wood, compression wood and tension 
wood, etc. and therefore the amount of water that can be 'bound' to the timber 
in each of these areas varies (Rowell 1984; Skaar 1988). 
3. 	 Density: Siau (1995) reports that the lower the density of a timber the higher 
the FSP, however, Chafe (1991) reports an increase in EMC with increasing 
density for Eucalyptus grandis. A brief analysis of the results reported here 
showed no clear trend between density and EMC. 
4. 	 Extractives: the volume ofextractives present in timber varies according to 
location within the tree, for example there are usually more extractives present 
in the heartwood than the sapwood. This has an effect on the EMC of timber, 
however, the subject is discussed more fully below. 
5. 	 Geographical location: Wiendenbeck et al (1990) report lower EMC for 
Lodgepole pine grown at higher latitudes, this was accounted for by difference 
in the primary wood constituents. 
The effect of extractives on EMC is such that as the volume of extractives 
increases so the EMC falls (Wangaard and Grandos 1967; Skaar 1988). Wangaard 
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and Grandos (1967) also reported that the EMC of timber was higher following 
removal of the extractive content and that the difference was most noticeable at 
higher RHs. This increase in EMC was quite significant with the variance in EMC 
between species being reduced by approximately half for the initial desorption 
isotherm and seven eighths for the adsorption isothenn (Wangaard and Grandos 
1967). The reason extractives reduce the EMC is that they reduce hygroscopicity 
(Skaar 1988). This is due to their non-hygroscopic nature and their bulking effect 
in the cell wall (Wangaard and Grandos 1967; Skaar 1988; Siau 1995) and to their 
blocking of potential bonding sites for water (Wangaard and Grandos 1967). 
4.7.4 Discussion of results 
Having discussed many of the scientific aspects of what happens to the EMC of 
timber as either adsorption or desorption takes place, it is necessary to consider 
the implications of the findings. In doing this, it is useful to look at one further set 
of data, Appendix B Table B-4, which presents a comparison of the EMCs 
attained for the species in this trial with those of the commonly used EMC curves 
presented in Figure 1-4. Examination of the table reveals American Red & White 
Oak, Iroko, and American Ash to all have desorption EMCs <0.5% or more above 
the initial desorption isotherm, for the 10 °C / 35% RH condition, with American 
White Oak being the highest at 1.70 % above. As for the species with desorption 
EMCs <0.5 % below the initial desorption isotherm, for the 10 °C/35% RH 
condition, these were Sapele, Sitka Spruce (heartwood and sapwood), African & 
American Mahogany, Brazilian Cedar, and European Larch (sapwood) with the 
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lowest being Sapele at 1.67 % below. All other species were >0.5 % different than 
the initial desorption isotherm. 
This suggests a need to revise the method for predicting EMC in-service. The 
relevant standards used, BS 5268 (1996), like the EMC curves referred to here, 
Figure 1-4, give an average EMC for an unspecified range of timber species. 
These therefore take no account of variance between species or, in the case of the 
EMC curves, of in-service changes that take place i.e. hysteresis. The results for 
the range of species in this trial have, therefore, also been plotted as EMC curves 
for all species (Figure 4-9), all softwoods (Figure 4-10), all hardwoods (Figure 4­
11) and for individual species (TRADA14 1998, Appendix II). The EMC curves 
enable the EMC to be predicted for any give temperaturelRH condition in the 10 
°C to 30°C & 35% to 75% RH range for each of the species included in this trial. 
By grouping species results for the species included in the trial, Figures 4-9 to 4­
11 can be used to predict the EMC of any timber species within the 10 DC to 30 
°C and 35% to 75% RH temperature / RH range. 
In producing the EMC curves for the individual species of timber, it was also 
planned to produce estimated time-scales to attain EMC for use as part of a 
prediction tool; these have been included Appendix B, Tables B-1 to B-3. For 
individual timber species, the time span to attain EMC can vary from 3 weeks to 
13 weeks. The mode time-scale was 6 weeks for each condition. Therefore, the 
experiment lasted over one year to be completed. 
14 This project was in collaboration with TRADA, and carried out by MORG, the University of 
Luton. TRADA has also produced a report to the DETR. based on this work. 
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Figures 4-9 to 4-11 exhibit considerable variance with changes in RH, 
temperature and previous history (within hysteresis). It is therefore necessary for 
more detailed information to be obtained from many samples in-service, or 
continual experimental hysteresis, if time to attain EMC is to be used in a 
meaningful way either for grouped or individual species. 
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4.8 Summary 
1. 	 The results for the species included in this trial have been extensively 
compared and contrasted with previously published data, both for individual 
species as reported in the literature, and as mean results, compared with the 
commonly used EMC curves, as presented in Figure 1-4. 
2. 	 According to the literature contrasted, the adsorption isotherm is always at 
lower MC than the initial desorption isotherm with the desorption isotherm in­
between these extremes. The main difference between this pattern and the 
results reported here for all species and the commonly used EMC curves is 
that the results reported here are for adsorption and desorption whereas the 
EMC curves in the "traditional" chart (Figure 1-4) are for initial desorption. 
3. 	 It should be reiterated that the purpose of this research was to produce species­
specific data (as well as trends for amalgamated values) to be used as a 
diagnostic tool for in-situ use for internal environments. Clearly, the average 
EMC for adsorption and desorption are more meaningful as normal in situ 
values depend on the (unknown) previous history of the material prior to 
installation. 
4. 	 The results show, as expected, that as the relative humidity increases at 
constant temperature, the EMC rises; the mean increase in moisture content 
(averaged for all the species in the study) over the interval 35% to 75% RH (at 
20°C) is 5.33% MC (standard deviation, 0.39%). Values extracted from the 
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(existing commonly employed) chart in Figure 1-4 show an increase in the 
moisture content over the same range to be close to 8% - a substantial 
difference from the findings of this experiment. 
5. 	 The results in Tables Appendix B-1 to B-6 also show that at constant relative 
humidity, higher temperature environments result in the lowering of the 
moisture content. This effect is expected, based on discussions of the 
thermodynamic considerations provided in Skaar (1988). Over the 20°C 
temperature range employed in the experiments (i.e. 10°C to 30 °C), the mean 
change in moisture content (for all species employed) at 55% RH is 1.63% 
MC (standard deviation, 0.12%). Roughly, this is a reduction of 0.1% MC per 
°C increase in temperature, and this trend is in good agreement with the 
traditionally employed EMC chart, Figure 1-4. 
6. 	 The key factors influencing the difference in EMC within a single species are 
heartwood versus sapwood, primary wood constituents, extractives, density 
and geographical location. 
7. 	 Figures 4-9 and 4-10 illustrate the behaviour of the softwoods and hardwoods. 
While the respective means for all hardwood and softwood species are 
virtually identical at low relative humidity (35%), the mean EMC diverge 
substantially as the RH increases. At 75% RH the respective mean EMC 
values differ by around 0.83 % moisture content. 
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8. 	 Sample size also affects EMC but mainly with respect to time taken to achieve 
EMC in a particular condition. 
9. 	 The inter-species variations for hardwoods are systematically greater than that 
for the softwoods under all environmental conditions employed. At 55% RH 
and 20°C, for example, the range ofEMC for the hardwoods employed is 
2.64% MC while that for the softwoods is 1.65% MC. In fact, the ratio of the 
standard deviations for hardwoods and softwoods averaged for all conditions 
employed is 1.7. 
10. The data in Appendix B Tables B-2 and B-3 (main experiment) shows good 
consistency with the results in Appendix A Tables A-I and A-2 (preliminary) 
for Beech, Larch and Spruce. The largest discrepancy is 0.3% Me which is 
well within reasonable tolerance. This provided confidence in further use and 
publication of the data. 
Finally, the database reSUlting from this research is intended for use as a 
diagnostic tool in the assessment and evaluation of moisture related problems in 
service. Furthermore, the results would provide a greater degree of specificity 
than has hitherto been the case. 
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5. Development of a Probe-1)rpe Moisture Monitoring System 
Based on Wood-Moisture Behaviour 
The importance of the ability to measure moisture can not be over emphasised in 
investigations of the moisture related problems in building structures as discussed 
throughout Chapter 1 to Chapter 4. On the other hand, the knowledge of moisture 
transfer in wood processes is also of great importance to industry and research as 
some of the most basic properties of wood products can be influenced by 
distribution of moisture during treatment. This has been discussed in Chapter 1 
and further in Chapter 6. Therefore, the author felt it appropriate and necessary to 
develop a reliable system for long-term moisture measurement to monitor wood. 
5.1 Introduction 
With the increased emphasis on quality control and long-tenn performance, more 
and more major estate owners are requiring monitoring ofbuilding components. 
This may require measurements to demonstrate the level of built-in moisture and / 
or in establishing, e.g. the effectiveness of waterproof membranes, seals and 
sealants (discussion in CIRlA 2000). The three basic reasons for testing, to gain 
infonnation on moisture content ofbuilding materials, are further sub-divided as 
follows: 
5.1.1 Defect sort / cause 
Moisture test data, particularly comparative, can provide an invaluable diagnostic 
tool to identify particular defects. For example, moisture gradients provide a 
pointer to the location of the source of damp to distinguish between the moisture 
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problems caused by rising damp and condensation, i.e. to differentiate between 
defect types. 
5.1.2 Location of water penetration 
Location ofwater penetration testing implies the existence of a defect. The first 
sign of water penetration within a building may not be ofmuch assistance in 
identifying the entry point; the path water takes within a building is often 
unpredictable. The test technique to determine the location of the entry may be 
based on detecting the presence of unwanted moisture or in identifying the 
location of the defect in the waterproofing system; the latter technique can be used 
for quality control to enable certification of the absence of such defects. 
5.1.3 Long-term monitoring 
Automated long-term monitoring is of special interest where potential damage, due 
to excess moisture in the building fabric or the building contents, is unacceptable 
(e.g. in historic buildings). In many cases, as discussed in section 2.3.2, the 
(commonly used) resistance type moisture meters are used, but these have their 
various drawbacks including calibration problem, polarisation, constraint of 
measuring points and manual operation. 
5.2 The Author's Approach to Long Term Monitoring: Introduction 
To enable the evaluation of damp conditions not only at the surface but also below 
the surface of a sample, a new instrument combining a novel sensor was developed 
which can monitor moisture not only in timber but also in other building materials. 
It was also essential for checking mathematical models for simulators. This 
system can give the information ofmoisture sorption process for long-term 
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applications. It provides a tool for those building mathematical models to verify 
their mathematical methodologies. 
It was recognised that the major problem would be in producing an appropriate 
sensor although any sensor that gives an electronic signal can be linked to a 
monitoring system to provide real-time early warning of potential defects and 
historic data. Obviously, circumstances exist where the use of automatic 
monitoring systems would not be cost-effective. Firstly, the installed cost of the 
sensors must be much less than the cost of resolving the problem in some other 
way. Secondly, the data gathered must be effectively used to control the problem. 
Extensive literature searches revealed that various types of sensor are in existence. 
Carll (1996) and Tenwolde (1988) describe small match stick-sized wood sensors. 
These are low-cost and easy to produce. In trials with similar sensors, it has been 
found that the main problem is in ensuring long-term reliable contact between the 
conductors and the wood surface. Inter-sensor variations have also been observed 
to be substantial. Forrer (1987) describes a composite sensing probe able to 
measure resistance using stainless-steel rings at various depths in wood. 
However, the construction of these sensors appears to be involved and the probes 
are not inexpensive as the author admits in his paper. 
For large and lor inaccessible regions, moisture sensors with long term reliability, 
small enough to minimise disruption are needed for continuous monitoring. 
Sensors produced in this study were specially designed for this purpose. Carefully 
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chosen wood species ensure at least medium term durability. Small screw-type 
conductors were found to have efficient long-term contact with the wood proved 
to be more effective than pin-type electrodes (Section 5.3.2). Various measures in 
the data acquisition system have been used to reduce inter-sensor variability. 
Individual sensors are easily calibrated against oven-dry moisture contents or the 
database set up in Chapter 4. The simple structure of the sensor ensures low-cost 
and easy of construction. 
In summary, the chosen design of the sensor is based on the following 
considerations: 
Ci) long-term durability and reliability; 
(ii) low cost; 
(iii) comprehensive moisture information (data from four electrodes); 
(iv) small variability between sensors (because of uniform contact resistance); 
(v) wide range of moisture content sensitivity. 
5.3 Sensor Structure 
Sensors employ wood buffers (8 mm in diameter and 25 rom long) made from 
selected species, to ensure at least medium term durability. Two pairs of silver 
painted brass screw-type electrodes are inserted into the wood buffer 13 rom apart 
along the buffer grain (see Figure 5-1). Screw-type electrodes are employed 
based on the findings in section 5.3.1. Brass is used because it can be a directly 
soldered onto unlike many other common metals and alloys. A hole, 2.5 mm in 
diameter, allows the insertion of wires for connection to the electrodes. The 7­
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gauge shielded leads carry the signals typically 4 m to amplifiers. The isolating 
material (1 mm width) covers the electrodes only to ensure that the electrodes do 
not touch the sample tested. The majority ofthe buffer (the timber in Figure 5-1a) 
is exposed inside the monitoring material in order that the buffer can reach 
moisture equilibrium in minimum time. This sensor is referred to as PROBE 
hereinafter. 
A range of wood species for the buffer were considered based on the application 
purpose. Buffer species were selected by considering permeability, durability and 
resistivity. The characteristics and uses of the range of wood species available in 
the UK are contained in TRADA (1991). Generally, the priority factors chosen 
are high permeability and low resistivity ofbuffer species. Clearly, for long-term 
monitoring ofMC at high moisture contents, durability is also high priority. 
5.3.1 The voltage applied and the connection sequences 
In all case, the potential difference applied to any pair ofthe PROBE sensors was 
9V. The sequences were to be follows: 

1) Apply positive voltage to A and ground to C, measure across B and D; 

2) Apply positive voltage to C and ground to A, measure across B and D. 

where points A, B, C, D are defined in Figure 5-1. 

5.3.2 Comparison of electrode types 
For use in the sensor, two types of electrodes were compared, one was the pin 
type and the other was the screw type electrode. The samples were equipped with 
two pairs of permanent electrodes. The reason is given in section 5.2. 
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employed. Figure 5-6 shows similar observation by the Brookhuis meter lS 
indicating problems for large resistance (low MC) measurement. In comparing 
the electrode types, the distribution of readings from screw type electrodes is 
closer to the oven-dry MC and has smaller standard deviation (104) than the ones 
(1.8) from pins. As contact resistance is one of the crucial factors affected the 
reading accuracy, for long term monitoring, the contact from screw is also more 
reliable than pins. The screw electrodes were chosen in the final design for 
PROBE. 
5.3.3 Electrode geometry and spacing 
Clearly, electrode geometry influences the electric field surrounding the 
electrodes. The linear spacing of small diameter pins is less critical for resistivity 
measurement (Skaar 1964) because the bulk of resistance is concentrated in the 
immediate vicinity of the electrodes. On the other hand, the resistance is not 
significantly sensitive to the length between the electrodes (section 5.8.3). The 
structure of the PROBE was finalised as depicted in Figure 5-1. 
5.4 Considerations for Improved Performance 
5.4.1 Species calibration 
Commercial moisture meters are calibrated for one particular species of timber, 
for example, Douglas Fir, and a table is provided with correction figures which 
can be applied to other species to obtain their respective MC values, BRANZ 
(1997). The example in Table 5-1 gives correction figures for resistance type 
moisture meters calibrated for Douglas Fir. 
15 The data is from previous experiment carried out in MORG 1995. 
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Table 5-1 Resistance-type moisture meter calibrated for Douglas Fir16 
Species Table of Meter Reading 
Wood 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Douglas Sap 12 13 14 15 16 18 19 20 21 22 24 25 26 27 28 
Fir Sap 11 12 12 13 14 15 15 16 17 18 18 19 20 21 22 
Heart 10 11 12 13 14 15 16 18 19 20 21 22 23 24 25 
Heart 10 11 12 13 14 15 15 16 17 18 18 19 20 21 22 
Radiate Sap 12 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
Pine Sap 11 11 12 12 13 13 14 15 16 16 17 18 19 20 21 
Sap 10 11 12 12 13 14 14 15 16 17 18 19 19 20 21 
Redwood Heart 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
Rimu Non-heart 12 12 13 14 15 16 16 17 18 19 19 20 20 21 21 
10 11 12 13 13 14 15 16 16 17 17 18 18 19 20 
10 11 12 13 13 14 15 15 16 17 17 18 18 19 20 
11 11 12 12 12 13 13 13 14 14 15 15 16 16 17 
Western 10 11 12 13 14 14 15 16 17 18 19 19 20 21 22 
Red Cedar 
Since the wood species for the buffer in the PROBE is fixed, the MC-resistance 
relationship can be detennined in the laboratory based on oven-dried 
measurements of virtually identical samples. For this reason, no species 
corrections are needed for measurements in varying samples. The final MC 
readings for samples tested were determined from the relationship established in 
Chapter 4 and Ahmet (1998). Table 5-2 shows calibration figures based on the 
buffer species being Larch. It should be emphasised that re-calibration is 
unnecessary if the buffer species is changed, the calibration table can be adjusted 
based on the database set up in Chapter 4. Note that for normal commercial 
meters, if the calibrated species changes, the calibration table is no longer valid. 
This database was subsequently included into the software, so the reading can be 
transfonned automatically. 
16 These figures are not applicable to meters calibrated by other manufacturers or the species other 
than Douglas Fir. 
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Table 5-2 Calibration table for buffer species* produced by author 
Larch African Western Sitka Spruce Meranti Opepe 
Mahogany Hemlock 
6 8.15 6.07 7.21 6.19 10.10 
7 8.40 6.94 7.76 6.92 10.80 
8 8.78 7.84 8.42 7.68 12.20 
9 9.29 8.79 9.18 8.47 13.00 
10 9.93 9.79 10.06 9.28 13.70 
11 10.71 10.82 11.03 10.13 14.30 
12 11.62 11.90 12.12 11.01 15.10 
13 12.66 13.02 13.31 11.91 1600 
14 13.83 14.18 14.61 12.84 16.40 
15 15.14 15.38 16.02 13.80 17.00 
16 16.57 16.63 17.53 14.79 17.60 
17 18.14 17.92 19.15 15.81 18.40 
18 19.84 19.25 20.88 16.86 19.40 
19 21.68 20.62 22.71 17.94 20.40 
20 23.64 22.04 24.65 19.04 21.50 
21 25.74 23.50 26.69 20.17 22.70 
22 27.97 25.00 28.85 21.34 23.50 
23 
-­ 26.54 
-­ 22.53 24.30 
24 -­ 28.13 
-­
23.75 25.00 
25 
-­ 29.76 
-­ 25.00 26.00 
*All values are in percent moisture content where Larch was used as the 
reference. 
Data from Table 5-2 was analysed by linear regression with the MC of calibrated 
species as the dependent variable and the meter reading (Larch as basis buffer) as 
the independent variable. The regression lines for the species correction are 
described by the statistical parameter, R2, (correlation coefficient squared) which 
is an indicator ofhow well sensor readings are correlated with the standard 
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Table 5-3 The regression equation correction for five species 
Regression equations R2 
Mahogany =1.44 x MC - 4.24 0.95 
Hemlock = 1.25 x MC - 2.62 0.99 
Sitka Spruce = 1.51 x MC - 4.91 0.97 
Meranti =0.99 x MC - 0.57 0.99 
Opepe = 0.82 x MC + 5.2179 0.99 
moisture content. Sensor readings which demonstrate highly values ofR2 increase 
the credibility using in the equations. 
The regression equations (at constant temperature) were built into the computer 
software for automatic operation. 
The findings of Chapter 4 showed that the hysteresis of sorption is another factor 
affecting the MC. However, very little can be done to reduce this source of error 
unless the sample history is known and is inputted into the system before the 
measurement. In this case, the further calibration table should be arranged based 
on the sample history. 
5.4.2 Electrolytic effects: theory 
One of the important intrinsic properties ofwood is its electric polarisation ability. 
The polarisation effect is caused by the change in the orientation of the electrically 
charged particles of the wood substance under the influence of an external electric 
field. Under this condition, wood acquires an electric moment which causes 
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electric charges to be re-arranged around the wood cells. Because of the contact 
difference of potentials between the water and the cell wall substance, the water in 
the cell cavity assuming opposite polarisation to the material in the cell walls 
(Figure 5.7). The cell wall substance has considerably less electric conductivity 
than the water. On application of an electric field, free electrons and ions, which 
are present in the conductive and semiconductive elements in the cell walls, start 
moving within each element's volume, and as a result the element acquires a 
dipole moment. Figure 5-7(b) (extracted from Torgovnikov 1993) schematically 
shows the result of the polarisation of the conductive elements in wood caused by. 
the conduction current. 
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Figure 5-7 Diagrammatic representation of wood cell cross-section. (a) External 
electrical field is absent; (b) polarisation after the imposition of an 
external field E. 1: The cell wall; 2: microcapillary tubes; 3: the cell 
cavity 
Under the action of an electric field, five kinds of polarisation are possible, Skaar 
(1988). They are electronic, ionic (atomic), dipole (orientational), interfacial 
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(structural), and electrolytic polarisation. But not all kinds ofpolarisation 
contribute equally to the general polarisation of wood. Some kinds ofpolarisation 
are not taken into consideration under certain conditions. This is the reason why 
the wood behaves differently depending on the frequency of the applied field 
range (the polarisation ofDC signal is reversed at a certain frequency). The 
predominant type of polarisation around the electrodes is ionic movement, 
Galligan (1963) and Brown (1963). 
I 
The electrolytic effect occurring at the interface between the electrodes and wood I 
I 
results in an increase in the effective "contact" resistance with time after a DC 
I 
I 
voltage is initially applied, because of the back electromotive force (EmF) caused 
I 
I by electrolysis. Langwig (1973), using neutron activation analysis, showed that 
I 
I potassium and sodium ions migrate toward the cathode under the influence of a 
I 
DC voltage. In this case the back EmF produced at the cathode negated some of 
the applied voltage, thus reducing the voltage gradient through the bulk of the 
wood. 
5.4.3 Overcoming electrolytic effects experimentally 
Experiments were carried out to investigate the electrolytic effect. Figure 5-8 
shows the raw data, voltage against time, taken from the PROBE for a period of 
around 10 minutes, at 5 second intervals. The excitation voltage is continuously 
applied to the PROBE in the process of data taking. In Figure 5-8, the sample 
voltage drops sharply (4%) during the first 1.5 minutes, then slightly decreases 
afterwards. This can be explained by the short-term back EmF, increasing in the 
effective "contact" resistance with time after a DC voltage is initially applied. 
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Figure 5-8 Data showing variation of voltage - caused by polarisation 
Alternating current (Ae) can significantly constrain the back EmF. Clearly, as 
demonstrated in the above investigation, it was very important to incorporate 
alternating low-frequency polarity to the PROBE electrodes. Initially, a potential 
I 
I difference of normal (positive) polarity is applied for a given period andI 
magnitude within optimum values (Section 5.4.3.1), and then a reverse (negative) 
polarity is applied of equal duration and voltage. The polarisable reverse interval 
is suitable to allow adequate charge time for a resistance measurement (performed 
at the end of the charge cycle that is only minimally affected by residual 
polarisation, and electrolysis). 
17 Another cause of the output voltage fluctuation is caused by parasitic capacitance ~ the . 
circuitry, Jachowicz (1999). The response ofthe output voltage from the PROBE IS a dynamIC 
process which makes sampling values fluctuate around its average value. 
I. 
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5.4.3.1 Investigation ofmagnitude and period ofexcitation voltage 
Kuroda (1979) investigated the effects of magnitude and duration of application 
of DC voltage on the longitudinal resistivity at 20°C of the species Cryptomeria 
japonica, conditioned to three different moisture contents 2.8%, 10.5% and 
18.9%. The results showed that the variation of the voltage from the power supply 
(voltage range 10 V to 30 V) does not affect the reading from the PROBE at low 
moisture content or high moisture content at short voltage application time. 
Forrer (1984) also indicated that for DC above 10 V, resistivity measurements are 
independent of the applied voltage. The duration of charging should be enough to 
achieve a constant polarisation level. 
Figure 5-9 presents the effect of different duration of charging, the time intervals 
are 0.01,0.1, 1, 10, 100 second, respectively. As can be observed, the voltage 
across the sample is greatly reduced with the increase of duration of charging. 
For the tested PROBE, with the buffer species Opepe, the best switching time is in 
the range of 10 HZ.IS 
Based on the findings from Figure 5-9, it was decided that the data taking 
procedure using an alternating polarity test sequence would be as follows: 
1) Apply a positive polarity voltage to the sample, delay an appropriate time, 
measure the current; 
2) Reverse the voltage polarity, repeat the delay time, take the current 
18 Ohmic heating can also causes the voltage applied to the sample to decrease with time. 

Presumably, increased evaporation may influence the Me. However, this effect was not 

investigated. 
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• 
• 
• 
• 
measurement again; 
3) Repeat above procedure for a number of cycles until stable readings are 
observed. It would be achieved within 2s based on a frequency of 10Hz. 
4) Calculate the resistance based on a weighted average ofthe last seven 
readings. 
5.4.4 Resistance network of the PROBE sensor 
The test data presented in the next section reflects that in some circumstances 
there are different MC readings from the two pairs of electrodes at different 
depths of test sample, caused by moisture gradients. To understand the resistance 
variation in different directions within the buffer, it is essential to appreciate the 
• 
electrical equivalent circuit of the measurement process; this is shown in Figure 
5-10. Refer to Figure 5-1 for the equivalent points on the sensor. 
For the four terminal network (chosen for the PROBE), only four unknown 
resistances can be mathematically solved. Because both R3 and R4 are resistances 
along the buffer grain, and Rs and R6 are resistances between two pairs of 
diagonal electrodes, the following assumption can be made: R3 =R4 =Ra Rs =R6 
=Rd. This enables Figure 5-1O(a) to be further simplified, Figure 5-1O(b). If all 
the resistances can be measured, the final values calculated from these resistances 
will be a more accurate measure of Me than that from a single resistance. 
In fact, it is not practical to measure and calculate all four resistances at the same 
time based on the assumption of simplified resistance network. Theoretically, at 
104 
R1 Rl 
A 8 A B 
R3 R4 Ra Ra 
C 0 C D 
R2 R2 
(a) (b) 
Figure 5-10 (a) Equivalent circuit diagram of PROBE (b) Simplified resistance 
network (Refer to Figure 5-1) 
points A and B in Figure 5-1O(b), from Kirchhoffs current law, Bleaney (1965), 
we have 
the solution is: 
Equation 5-1 
As timber is an inactive component, it can not be assigned a negative resistance. 
This means that the assumptions made above are incorrect. Although the testing 
data has shown that the assumption is reasonable if the resistances are measured 
one by one (Dai 1998), there must be other factors attached to the buffer, such as 
leakage current, fibre difference etc., which cause R3 and R5 to be slightly 
different from R4 and R6, respectively. In reality, there is no mathematical 
solution for Figure 5-1O(a) because only four independent variables can be 
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obtained from an four-terminal network. Therefore, the resistance is measured in 
tum using the alternative sequence. 
5.4.5 Further error reduction 
Numerous sources of error relating specifically to high resistance measurements 
(equivalent to low moisture content) have been analysed in Chen (1995). Similar 
sources of error have been observed in the research here. The leading limiting 
factors for a high accuracy are as follows: 
1. 	 Leakage currents 
Leakage resistance between wires and components can introduce stray currents 
between 10-11 A and 10-8 A, Morrison (1986). 
I 
I 
In order to limit this factor, extensive attention was paid to correct guarding, I 
I especially of the input terminals, i.e., between electrodes and the circuit. PTFE 
sheets were used instead of ordinary PVC for the circuit boards, effectively 
reducing the leakage current through the printed tracks. Guard pins adjacent to 
both input connections of the instrumentation amplifier were used to drive the 
circuit board and input cable guards to maintain extremely low input bias 
current. 
2. 	 Magnetic and electrostatic 
In this study, screened cable has been used to transmit the signal. Input cables 
were used to guard all the way to the signal source (see Figure 5-11); these 
were shielded throughout. For greatest precision, low-noise screened Teflon 
cables were chosen to connect the PROBE and input stage of the data-logging 
system. 
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Figure 5-11 Input Guarding Circuit I 
3. Other factors 
t 
(i) There are several other potential sources of error in measurements of 
resistance. Triboelectricity is caused from friction rubbing off electrons at 
the interface between the conductor and the insulation. The magnitude of 
these currents is of the order of 10-9 to 10-8 A. This phenomenon was 
• reduced by using low-noise cables treated with graphite . 
(ii) Piezoelectricity can be produced from stress on insulating material and 
connectors. The order of magnitude of these currents is 10-15 to 10-12 A, 
Forrer (1984). Extensive care was taken to minimise mechanical strain 
exists on the cable or the connectors. 
5.5 Moisture Monitoring System 
5.5.1 Circuit design 
Analysis of most commonly used DC resistance moisture meter circuits indicates 
that measurements are normally carried out in the range 6 to 30 percent MC or 
higher. The measurement above FSP is only as an approximate value because DC 
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resistance is insensitive to changes in Me. When it is considered that this 
corresponds to a variation of approximately 10 kQ to 100 GO (see Figure 2-2), it 
is clear that any simplification of this dynamic range would seriously limit 
accuracy and resolution. This problem is usually overcome by analogue 
multiplication circuits in automatic instrumentation, with a correction chart in an 
attempt to compensate for the complex inter-relation between De resistance and 
Me for different species. Furthermore, most currently available moisture meters 
suffer the effects of polarisation and electrolysis as well as capacitance changed 
by static electricity at the electrodes, and although some manufacturers have 
included counter-measures in their equipment, very little has been published on 
the techniques employed. 
A data acquisition system was designed specifically to match the sensor discussed 
in section 5.3. The block diagram of the circuit is shown schematically in Figure 
5-12. Unlike the commonly used full and half bridge methods, this approach 
requires no intermediary (and well-characterised) high-resistance standards to 
bootstrap up the resistance scale. Because the moisture measurement system 
should be able to operate over a wide range of Me, a logic seeking strategy to 
find the appropriate range has been used. In Figure 5-12, the instrumentation 
amplifier has a variable gain from 1 to 104• A high accuracy operational amplifier 
COP-AMP) is reserved as second-stage amplifier. These provide a practical 
operating range between lkQ and 10000. Under simulated conditions, the 
apparatus was able to measure accurately from 8 to 75 percent Me; in practice, 
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however, the readings above the wood fibre saturation point were considered to 
be, at best, as "useful". 
SW2 
Self-c alib ra tio n 
Figure 5-12 Schematic diagram of the moisture monitoring system. (Amplifier 
gains indicated by a, ~, 'Y) 
5.5.1.1 Operating principle 
The system utilises the constant voltage (+9V) method where the sample is in a 
series configuration as shown in Figure 5-13. The point V 0 is connected via 
multiplexers to the various combinations of the resistance network A, B, C, D (in 
Figure 5-lOa). 
The current flowing in the circuit could be expressed as being composed of four 
components: 
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Rw -+Iw 
Figure 5-13 Analysis of constant voltage method for measurement of resistance 
VT VmEquation5-2 I =----1 -I 
m R R LE e 
W W 
where: 
Rw = wood resistance (n) 
Vr =excitation voltage (V) 
Vm =the input bias voltage of the OP AMP (V) 
ILE =leakage current (A) 
Ie =connection generated error in the current (A) 
hE and Ie were limited by suitable guards etc. as discussed in section 5.4.5. For 
high performance MOSFET OP AMPs, the bias current is very small and the 
input impedance is very high, thus, the summing node can be regarded as virtual 
earth. Then Ia "" 0, V m "" °and this leads to the following equations: 
Equation 5-3 J. "" J = VT =-~(l+el)
I m R R 
W f 
VTRfEquation 5-4 R =---(1+£)
W V 
o 
where e and £' represents errors associated with the proportional amplifier. It can 
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be eliminated by the self-calibration channel in circuit. 
5.5.1.2 Programmable gain 
Precision instrumentation amplifiers were selected, based on the criteria of very 
high input impedance (INA 1 16 and AD524). The INA116 is a complete 
monolithic PET -input instrumentation amplifier with extremely low input bias 
current. The AD524 is functionally complete with pin programmable gains of 1 to 
1000. To ensure the best performance of the amplifier, two stages of amplifiers 
are employed. Each stage has maximum gain of 150. Further range switching in 
+INPUT 
(-INPUT) 
-INPUT 
(+INPUT) PROTECTION 
DATA 
ItIPUTS 
cs -+-IIol1 
WR --+-11(1 
DAC AID AC B -I---l10( 
AD524 
)---_e_ovOUT 
Figure 5-14 Programmable output gain using a DAC 
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Figure 5-12 is to use a DAC shown in Figure 5-14. The AD7528 dual DAC 
having high analogue linearity and symmetrical bipolar transmission acts 
essentially as a pair of switched resistive attenuators. The multiplying DAC's 
advantage is that it can handle inputs of either polarity or zero without affecting 
the programmed gain. The circuit shown in Figure 5-14 uses an AD7528 to set the 
gain (DAC A) and to perform a fine adjustment (DAC B). 
5.5.2 Moisture content - resistance relationships 
Once the analogue quantities have been converted into numerical quantities by 
means of an analogue-to-digital converter, further mathematical manipulation of 
data is possible. At a constant temperature, an approximately inverse linear 
relationship exists between the logarithm of the DC resistivity of wood and the 
logarithm of its MC, Carll (1996) and Forrer (1987). For a wood specimen of 
given size and grain orientation, the relationship may be expressed as 
Equation 5-5 InR= B+ClnM 
where 
R = buffer resistance (0), 

M = buffer MC (%), 

B = a dimensionless constant, 

C =a dimensionless proportionality constant or coefficient. 

Limited data on this relationship was directly available from, for example, Forest 
Products Laboratory (1987), Carll (1996) and James (1975). However, the data 
are only valid for selected wood species and grain orientation, not suitable for the 
work in this thesis. Therefore, a data set of corresponding wood grain, resistance 
I 
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and moisture content were constructed for species Larch as follows: 
Equation 5-6 Transverse In R = 40.42-8.881n M 
Equation 5-7 Longitudinal In R =40.38-8.721n M 
Equation 5-8 Diagonal In R =39.68-8.401n M 
Although the correlation coefficients squared (R2) for this regression are 0.9929, 
0.9951,0.9958 respectively, this model is still not perfect, as the relationship 
between MC and the natural logarithm resistance is not perfectly linear. Further 
discussion can be found in section 5.6.2. 
5.5.3 Measurement errors and compensation 
The measurements result always contain some error in real-world measurements. 
Some typical sources are: 
1. 	 Instrument inaccuracies (such as DC bias inaccuracy) 
2. 	 Residual charges in the test fixture and cables 
3. 	 Noise (section 5.4.5) 
Compensation reduces the effects of error sources existing between the device 
under test and the instrument's calibration plane, but it can not always 
completely remove error. In the moisture measuring system, three 
compensation techniques were used to improve the accuracy. 
• 	 Offset compensation 
Voltage offset specifications are often considered a figure of merit for 
instrumentation amplifiers. While initial offset may be adjusted to zero, shifts 
in offset voltage due to temperature variation and noise will cause errors. To 
correct this factor, an auto-zero circuit was designed as shown in Figure 5-16. 
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• Systematic error calibration 
A self-calibrating channel was designed in the moisture monitoring system in 
Figure 5-12. A built-in standard resistor is used as an internal reference. 
Switching SW1 to CAL and SW2 to V REF provides a spot calibration of the 
system with Rs. Then from Equation 5-3, the system error is gained by 
o----o1(:r.-----< 
15 1 16 RG 1 
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Figure 5-15 Auto-zero circuit for instrumentation amplifiers 
Equation 5-9 £=-(1+ V~Rs ) 

VREFRf 

where Vo' is the input voltage to the PC, and VREF is PC controlled reference 
voltage. 
• Leakage current 
To combat leakage current, the sensitive input should be guarded so that any 
leakage from wiring at elevated voltage would be to the guard and not to the 
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input. Good quality guarded cable was selected for further improvement since 
the leakage through the dielectric acts like a shunt resistance across the input 
terminal. To provide sufficient output current to rapidly charge the cable 
capacitance, An OP AMP buffer is required as shown in Figure 5-16 with anti­
polarising operation. 
Ci rcuit Board 
Guard 
Figure 5-16 Buffered guard drive 
5.5.4 Control software structure 
Figure 5-17 shows a simplified flow diagram for the data acquisition procedure. 
The control software was written in C (using Borland C++, on a PC platform). It 
begins by asking the operator to enter parameters relating to the measurements to 
be performed. The following parameters are required: 
i. the species to be tested (if unknown, the species is assumed to be Larch); 
ii. sample history (this is an optional parameter and if omitted the value of the 
calibration standard is assumed to be mean value of adsorption and 
desorption); 
iii. temperature (if omitted the value is assumed to be room temperature at 
iv. calibration flag (if value is input, the system then make self-calibration, 
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Figure 5-17 Flow chart continues to next page 
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Figure 5-17 Flow chart of measurement procedure 
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otherwise, real-time moisture measurement is taken)I 
I The measurement was preceded by a calibration cycle while the calibration flag is 
I set. For calibration, the circuit was set to the reference resistance without the 

I sample. Various noise reduction algorithms and techniques were employed to 

I 

eliminate spurious readings and to increase the precision to better than ±0.5 % 
I 
MC. The control software served to adjust and monitor the status of polarisation
I 
as well as prompting the operator to connect or disconnect the sample at the I 
appropriate stages of the measurement cycle. The measured resistance can be I 
converted on-line to moisture content. I 

I 

I 5.6 Calibration and Results 

I 
 5.6.1 Comparison of the measurements from three types of sensor 
I 
Calibration was carried out using a limited number of timber species, Opepe and 
• 
Beech, for PROBE buffer. Re-calibration is necessary if other timbers are used. 
Holes, 10 mm in diameter, were drilled into a number of test Beech samples. The 
PROBEs were pushed into the holes and the holes were sealed with silicon caulk 
to ensure that the outside atmosphere does not affect the buffer environment. 
Sensors were not inserted near obvious defects to ensure that the electrodes give 
more consistent readings. Three sensors were installed in the same conditioning 
chamber at 75% RH at 20°C. Table 5-4 shows the average moisture content 
measurements when samples were in EMC. Measurements were taken over a six­
month period. Although there is some variability between sensors, the fluctuation 
for a given sensor was less than 0.5% MC, showing long term reliability. 
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In Table 5-4, the PROBE buffers of set 1 and 2 are Ramin and that of set 3 is 
Beech. The sensor type similar to that referred to in Carll (1996) was also 
acquired for test purposes, hereinafter defined as the CT type sensor. 
Table 5-4 Percentage MC readings from three different types of electrodes 
Electrodes Moisture 
Content (%) 
Set 1 Pin-type 14.1 
CT type sensor 11.7 
PROBE top pair 12.9 
PROBE bottom pair 12.9 
Set 2 Pin-type 14.4 
CT type sensor 13.1 
PROBE top pair 12.9 
PROBE bottom pair 13.1 
Set 3 Pin-type 13.7 
CT type sensor 12.8 
PROBE top pair 13.7 
PROBE bottom pair 14.1 
Figure 5-18 indicates the structure of the CT -type wood sensor. Although the 
samples have not been oven-dried and the exact final MC is unknown, it should 
be noted that in most of the conditions, the readings from PROBEs are 
systematically lower compared with those from direct pin insertion. The CT type 
sensors consistently gave lower MC readings than the PROBE sensors, 
presumably being caused by very high contact resistance (refer to sensor 
construction Figure 5-18). 
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Radial-grain 
surface 
As explained previously, the use of pin type electrodes can only reflect the MC at 
the depth of contact with the samples. With possible moisture gradient inside the 
sample at any time, it is believed that the average value from PROBE gives a 
more reasonable result. 
1.8mm 
Figure 5-18 Wood resistance-type sensor from Carll (1996) 
The speed of moisture sorption greatly depends on the surface to volume ratio of 
the sensor. Regarding the CT type wood sensors, it was noted that only the top 
end was exposed to its environment, so the response is relatively slow compared 
with PROBE which as shown in Figure 5-1 is exposed except at the electrode tips. 
5.6.2 Moisture content - resistance calibration results 
Figure 5-19 shows a typical calibration result for one PROBE. The fitted curve 
can be described by: 
Equation 5-10 log R =B + Clog M 
Where 
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R is the probe resistance in ohms 
Band C are fitting parameters 
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10.001 
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• Resistance of Rl 
from "mean" 
X Resistance of R2 
--regression equation based on mean 
values from 22 PROBE sensors 
typical variations 
10 15 20 25 
Me (%) 
Figure 5-19 DC resistances at 20 DC - typical values of Rio R2 in a single 
PROBE shown variations. 
Individual probe calibrations show small to moderate scatter about the fitted line 
(R2 ranges from 0.88 to 0.99). The combination of this scatter plus the slope of the 
calibration curve translates into uncertainty in moisture content for a given 
resistance as given in Table 5-5. 
Table 5-5 gives a measure of the variation in moisture content for an individually 
calibrated probe. Only if an individual calibration curve is available for each 
probe can a precision moisture content be determined using the table. However, 
even without an individual calibration curve, the table gives the tracking 
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sensitivity of a probe. Typical uncertainties vary between ±O.5% MC at 6% (very 
dry) and ±1 % MC at 22% (quite wet). 
Table 5-5 Fitting parameters and variation in MC - within a single probe 
MC (%) produced by saturated salt solution 
6.03 7.67 9.23 10.87 13.63 17.28 22.3 
Longitudinal B=17.537 C=-8.7178 
Parameters Tangential B=17.554 C=-8.8774 
Cross-section B=17.234 C=-8.3998 

Variations in Based onRI 0.12 0.28 0.14 0.24 1.13 0.86 0.22 

derived MC R2 0.22 0.16 0.03 0.41 1.27 0.66 0.55 

Ra 0.18 0.24 0.07 0.18 0.35 0.65 0.99 
Rl 0.20 0.34 0.26 0.23 0.30 0.20 0.35 
Following production, it is necessary to screen and calibrate PROBE identifying 
the exact coefficients values, Band C (in Equation 5-10). Alternatively, multi­
point calibration over a range of RH conditions (as done by TenWolde (1985) on 
a sample of sensors) could be performed for each sensor to derive sensor-specific 
values for coefficients. 
When calibration in situ is not possible, a menu calibration curve taken by 
lumping all the calibration points together can be used. Figures 5-20 to 5-22 show 
the uncertainty bands at ± 1 standard deviation that result from this lumping. This 
gives the likely minimum and maximum moisture content corresponding to a 
given resistance reading; the mean of these values is used as a calibration curve. 
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Figure 5-21 DC longitudinal resistance - all probes 
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Figure 5-22 DC diagonal resistance- all probes 
The above formulae are fitted to these mean values and the fitted curve plotted 
between the uncertainty bands; these appear in Figures 5-20 to 5-22. 
The apparent asymmetry of curves in Figures 5-20 to 5-22 placement at higher 
moisture contents is due to (i) the excess value of the built-in resistance of voltage 
divider at the pre-amplifier stage, required where wood has very low resistance; 
(ii) small variation of resistance can result in large change of MC as wood 
approaches fibre saturation point. 
5.6.3 Behaviour of the PROBE sensor in a wide range ofRH conditions 
Table 5-6 gives a measure of Me in various RH conditions for an individually 
calibrated sensor. As discussed in section 5.5.2, only if an individual calibration 
data is available for each sensor can an absolute MC be resolved to the precision 
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I 
given in this table. However, even without an individual calibration data, the 
table gives the 'tracking' sensitivity of a sensor. 
I 
I Table 5-6 Sensor calibration, showing mean values of Me. The values in 
I 
I parentheses indicate the deviations from the nominal relative humidity 
I 
I values in Table 3-3. 
I 
I Percentage RH at 200 e 
I 

I Sensors 33(-6%) 66(+2%) 76(+1%) 93(3%)
~ 
~ 	 Oven-dried MC 8.48 l3.50 15.12 22.5 
GDI No.1 7.78 12.34 14.60 15.84 
GD1 No.2 8.00 l3.52 14.94 17.42 
GD1 No.3 -- 11.92 14.22 15.62 
Table 5-7 shows the MC readings based on the individual resistances of the 
electric network in Figure 5-1O(b). It is not appropriate to offer a universal 
calibration for the sensors as this will be species-specific and will have 
uncertainty in production; however, there should be no difficulty in using the 
technique presented here for calibrating to one's own particular needs. 
Table 5-7 MC readings based on individual resistance defined in Figure 5-10 
WoodMC( 0 ~ 

GD1 No.4 at RH 55% 
GD1 No.5 at RH 55% 
GDI No.4 at RH 75% 
GDI No.5 at RH 75% 
Rl Ra Ri R2 
11.7 11.7 11.1 11.4 
11.4 11.5 11.3 11.5 
15.7 15.6 15.8 13.8 
14.9 15.1 14.8 15.1 
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5.7 Case Study Involving the Use of the PROBE sensor 
A set of PROBEs were installed at the University of Abertay Dundee19 from 
January 1998 to monitor the MC of Scots Pine, in widespread use in Scotland. 
The purpose of this study was to investigate the relation between the Me and the 
onset of the dry rot fungus Serpula lacrymans in full size models built within a 
laboratory. Figure 5-23 shows how the PROBE sensors were installed into the 
building model, where in total 22 sensors were embedded into the Scots Pine 
members at depths of 50 mm, 100 mm and 150 nun respectively. The sensor 
groups were 350 mm apart. The areas monitored, twice daily, were roof timbers 
beneath a defective roof gutter (plus missing, broken or displaced slates), timber 
in the vicinity of plumbing runs (defective stonework, joints allowing moisture to 
Connecting multi­
Lime plaster 
on riven lath 
Joist built into wall and 
beam-filled (Scots Pine) 
strand cables 
Sensors 
(22 in total) 
Figure 5-23 PROBEs installed into the model building, encouraging Serpula 
Lacrymans 
19 In connection with a project being carried out by the Scottish Institute for Wood Science. 
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penetrate wall), and timber floor construction in basements with inadequate damp-
proofing or ventilation. 
Table 5-8 presents the moisture content recorded from two sets of PROBEs (pre­
calibrated prior to installation) around the do oks and joists; monitored was either 
during the wetting or drying up processes. 
An analysis of the equilibrium moisture content form PROBEs was carried out 
after the tests. The aim was to determine an efficient method for selection of the 
PROBEs. Figure 5-24 shows the histogram of 22 PROBEs at EMC stage. Single 
"normal distribution" was expected but it was not the case in this experiment. This 
is because previous sensor history may affect the final Me. For adsorption 
process, the EMC is 21 % or so, and 23.5% in the case of desorption. 
12r-------------------------~ 
10 
8 
~ 
~ 6 
I 4 
2 
o 
20.5 	 21 21.5 22 22.5 23 23.5 
Me (%) 
Figure 5-24 Distribution of moisture content for all PROBEs 
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Table 5-8 Moisture levels around the dooks and joists 
Moisture levels (percentage) around the dooks and joists 
Reading Pre-calibrated probe No. 
No. Date 111 112 113 J21 J22 123 
1 12/03/98 16.5 22.1 - 14.2 14.2 16.4 
2 18/03/98 16.5 21.5 
- 15.4 16.0 17.7 
3 23/03/98 17.0 20.3 - 15.4 16.0 18.2 
4 01104/98 16.2 18.2 - 17.1 16.8 18.0 
5 05/04/98 16.5 18.5 
- 19.7 16.5 18.0 
6 09/04/98 16.1 18.0 - 20.5 17.1 19.5I 
7 13/04/98 16.5 17.8 - 23.1 17.6 19.7 
I 
1 8 17/04/98 15.0 17.6 - 23.9 18.5 20.2 
9 21104/98 16.7 18.9 24.2 24.6 19.4 19.7 
10 27/04/98 17.3 19.5 22.3 25.1 19.5 19.5 
i 11 29/04/98 17.4 19.7 21.5 25.6 19.6 19.5 12 06/05/98 18.0 25.2 20.6 27.0 20.1 19.3 13 11105/98 18.4 26.6 20.3 25.9 20.4 20.5 
14 13/05/98 18.7 25.6 19.8 24.2 20.4 20.5 
15 16/05/98 18.8 24.9 19.9 22.3 20.5 20.5 
16 20/05/98 19.2 23.9 20.0 20.8 20.5 20.6 
17 22/05/98 19.3 23.7 20.0 20.3 20.6 20.6 
18 25/05/98 19.6 23.8 20.4 20.4 20.7 20.8 
19 27/05/98 19.8 23.8 20.4 20.2 20.7 20.8 
20 29/05/98 20.0 23.4 20.7 20.4 20.8 20.9 
21 01106/98 20.1 23.1 20.8 20.4 20.7 20.7 
22 03/06/98 20.3 23.5 23.4 20.5 20.7 20.7 
23 05/06/98 20.6 23.8 23.5 20.7 20.9 20.9 
24 08/06/98 20.8 23.3 23.7 21.0 20.8 20.9 
25 12/06/98 21.0 23.3 23.2 20.8 21.0 20.9 
26 15/06/98 21.2 23.0 23.0 21.1 21.2 20.9 
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Figure 5-25 Moisture reading within building model where RH was increase to I 

I 

95% for over three months 
I 
I 
Figure 5-25 presents the stability of moisture measurement with a randomly 
selected PROBE. 
It can be clearly seen the reading is stable when it reached its EMC. The variation 
in moisture content is well within 0.5%. 
5.8 Discussion 
The moisture acquisition system and the PROBEs have been tested in the 
laboratories of the University of Luton and the University of Abertay Dundee for 
nearly one and half years. It has been showed that the structure of the PROBE and 
its related circuitry are reliable, durable and accurate for long-term moisture 
monitoring with large amounts of data collected and analysed. The observations 
have been linked to other research as follows. 
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5.8.1 Effect of structural orientation of the timber 
Structural orientation, grain direction in particular, affects the electrical 
conductivity of wood. Stamm (1960) reports that the longitudinal conductivity of 
eight US woods was 1.9 to 3.2 times greater than in the radial direction, and 2.1 to 
3.9 times greater than in the tangential direction. 
Kuroda (1982) noted that wood moisture content affects the degree of 
I 
I conductivity anisotropy. Figure 5-26 (adapted form Kuroda, 1982) shows how the 
I 
ratio of longitudinal to tangential conductivity varies with wood moisture content I 
I for Sugi wood (Cryptomeriajaponica). They attributed the minimum in the 
I 
conductivity ratio (at above 8% moisture content) to the change in the nature of 
moisture sorption in the cell wall above and below this moisture content. 
8~--------~--------~--------~--------~ 
Figure 5-26 Ratio of longitudinal (KD to tangential (Kt) electrical conductivity in 
relation to wood moisture content. 
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The data presented here shows that there is much less conductivity difference due 
to grain directions of wood than the above claims. The ratio of longitudinal to 
tangential conductivity increases with moisture content from 1.2 at 6% to 2.0 at 
22%. No reversal point has been observed. Due to the limitations of condition in 
the laboratory and the range of the moisture monitoring system, experiments 
below 6% have not been carried out. It could not be concluded if there is a 
reversal point of the above ratio at a moisture content somewhere below 6%. Two 
reasons could explain the phenomenon from the view of electrical measurement: 
1. 	 Assuming nodes A and B are the contact points of electrodes with wood; Rl. 
Rz. and R3 are resistances of different wood fibres as shown in Figure 5-27. 
Figure 5-27 Sketch diagram of resistance in wood. 
This means that the greatest current is always through the wettest wood fibre if 
wood cells between A and B have different moisture content no matter what 
orientation of wood grain is. When the moisture content is low, all resistances (RJ 
.Rz. and R3 ) have high values, then the longitudinal and tangential conductivity 
are close to each other. With the moisture content is increased, the resistances (RJ . 
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I 
I R2 , and R3) is reduced, then RAE dominates with above equations, that is RI,or R3. 
I 
I The discrepancies can be observed using Figures 5-20 to 5-22 in a region of 
I 
I 
higher moisture content for all directions of wood grain. When comparing the 
I conductivity between grain directions, the physical characteristics of wood may 
I 
I behave such that the longitudinal conductivity is much greater than in the radial 
I 
I 
and tangential directions as reported in Stamm (1960) and Kuroda (1982). But the 
I current taking the lowest resistivity path would dramatically reduce this 
I 
I discrepancy caused by directional characteristics, as presented in this thesis. 
I 
I 
• 2. Contact resistance 
There are two types of electrode contact when the sensor is embedded in position. 
One is the PROBE buffer (non-insulated part) contacting the sample test. Another 
is electrodes contacting the PROBE buffer. The former does not noticeably affect 
the final readings because the resistance of timber strongly depends on the contact 
of electrodes and buffer. For equilibrium moisture conditions, the resistance of 
the buffer (Rb in Figure 5-28) is very much less than that of the sample tested (i.e. 
Rs in Figure 5-28), that is, Rb«Rs, therefore, overall the resistance R=RJllRs=Rb. 
Rb 
~-
t.- R-.1 
Figure 5-28 Resistance relation between buffer and sample tested 
The latter is a very important factor which affects the moisture measurement 
accuracy. James (1994) reported that in the resistance type of meters, the 
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• 
• 
• 
conductivity is limited almost entirely to the contact resistance between the pins 
• .~•.~-=. 
I 
and wood as illustrated in Figure 5-29. The meter responds to wettest wood that 
l contacts both pins of the electrode. Note that the screw-type electrode was employed in the PROBE, minimising the contact resistance and help to maintain 
constant contact. I 
I 
I 
I 
SurfaceSurface 
Rei Rei 
I (a) Pins at same depth (b) Pins at different depths (drying gradient) 
Figure 5-29 Example of electrode contacting specimen 
Because of the existence of contact resistance, Rw has only part of influence to 
overall resistance. Therefore, it also constraints the observation of the ratio of 
K\/Kt shown in Figure 5-26. 
5.8.2 Coefficients for wood-resistance relationships 
James (1975) and Carll (1996) indicate that the value of the constant C in 
Equation 5-5 is not species-dependent. Differences among species in density, 
morphology, and chemical composition (factors likely to influence electrical 
resistance) generally exceed differences in these properties within species. This 
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means that only the offset value B may vary between sensors no matter what the 
buffer-species is. 
The conclusion made by Carll (1996) is only valid for the sensors whose buffer is 
made from the same wood species. Data in Chapter 3 and 4 shows that both B 
and C in Equation 5-10 varies if different PROBE species are employed. Similar 
results, for example for Birch and Mahogany, can be found from Figure 5-30 
(adapted from Pande, 1975) that curves of MC-resistance relationship for different 
materials are not paralleled. That is, C must vary with species. Therefore, 
calibration for both coefficients in Equation 5-5 must be taken when PROBE's 
buffer is changed. 
-
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Figure 5-30 Relation between the electric resistance and moisture content for 
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5.8.3 Relationship between resistance and distance between electrodes 
Generally, the resistance depends on the dimensions and the material of the 
conductor. In most cases the resistance R can be given as 
R=pUA 
where 

L is the distance between electrodes; 

A is the area of cross-section; 

p is resistivity of the material. 

So, the resistance linearly increases with the distance between electrodes. For 
wood, because the conductivity is dominated by moisture, and the diffusion 
coefficient of wood is not constant (see Chapter 6), the actual resistance is not 
proportional to distance. For example, for the path of RJ and R2 in Figure 5-27 if 
one section is wetter than another section, then the overall resistance will be 
dominated by the resistance from dry section. In the PROBE, the distances 
between electrodes in longitudinal, tangential and radial directions are not the 
same, but resistances are only a weak function of distance. 
5.9 Conclusion 
It has been demonstrated that a viable method of making measurements of 
moisture content is by placing a material with known resistivity-Me variation into 
moisture equilibrium with the unknown medium. This allows monitoring in a 
range of situations. One advantage of this method is that the relationship between 
resistivity and Me of the sensor can be precisely calibrated. Unlike pin-type 
moisture meter which the contact resistance normally dominates the reading and 
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varies with time, the sensor designed and produced in this thesis employs screw-
type conductors ensuring efficient and consistent long-term contact with wood. 
Using a slow polarity switching potential difference can significantly overcome 
polarising phenomenon and capacitive effects in wood, hence improves the 
measurement accuracy. 
In the pin-type meter, the moisture content is determined predominantly by the 
straight line between two pins by the path. Taking the extreme situation, if there 
is a small wet region between the pins, the electric charge will flow easily through 
that region and cause pin-type meters to exaggerate the moisture content in the 
wood when in fact it is just a very small area that is wet. However, if the place 
chosen to drive the pins into the wood is simply extraordinarily dry and untypical 
of the rest of the piece, an exaggerated dry reading will be obtained. In this 
system, the datalogger takes a weighed average of the moisture content discovered 
by the full scan of the three dimensional field so that sporadic readings are 
unlikely. 
Individual sensor calibration has been carried out because of variation within the 
uffer material-specific and fabricating identity. Multipoint calibration over a range 
of moisture content could be performed for each sensor. Alternatively, there exist 
small discrepancies between the sensors (with same buffer species) of 
approximately 0.2% at low MC, up to 1 % at high MC if non-individually­
calibrated sensors are employed in this system. 
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For accurate moisture measurement, it is necessary to specify the sorption history 
of the wood species because the temperature and relative humidity to which a 
piece of wood is exposed do not uniquely define the EMC (Chapter 3 and 4). 
Unfortunately, this can rarely be achieved. 
The system may also be useful for measuring the moisture content of various 
materials, such as concrete, soil etc., if the moisture relationship between the 
material tested and wood buffer is pre-determined. 
Finally, the system developed provides a tool in verifying the simulated sorption 
results, discussed in Chapter 6. Because the sensor can be inserted to different 
depths, the moisture diffusion process can be easily monitored as a function of 
time. 
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, I 6. Investigation of Sorption Processes 
Following the introduction, the development of a one dimension model is 
described. The solution of the model from numerical analysis was compared with 
the experimental data. Based on the findings, the one dimension model was 
further mathematically extended to three dimensions. In the final part of this 
chapter, the most important factor in the model, the diffusion coefficients, were 
investigated. 
6.1 Introduction 
As discussed previously, wood is a complex heterogeneous material composed of 
cellulose, hemicellulose and lignin. Wood is able to adsorb/desorb moisture and 
so maintain a dynamic equilibrium with the water vapour in the atmosphere. The 
adsorption properties of wood are modified by degradation, which may be due to 
many causes, one of which is the biological degradation. Under suitable 
conditions closely connected with moisture, micro-organisms, particularly fungi, 
start to destroy wood. For example, if the moisture content is above typically 22% 
the probability of fungal decay increases dramatically, especially where the timber 
is classified as "non-durable" (TRADA 1991a). 
During the last twenty years or so, considerable research has been carried out to 
understand and characterise the movement of water in wood. A large number of 
theories and models have been proposed to describe what is essentially a complex ~ phenomenon with series I parallel moisture transport taking place in both the 
I 

I 

I 

I 
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vapour and liquid phases. Within the last decade, this research has culminated in 
a major initiative through the auspices of the CIB20. This organisation aimed to 
synthesise the research efforts taking place throughout the member countries, by 
developing a generation of advanced models which can be used to simulate the 
hygroscopic performance of building structures and predict the occurrence of 
interstitial and surface condensation. 
Numerous mathematical models have been developed regarding the moisture 
transfer in a range of materials like polymers, wood, soil, coatings and agricultural 
products (Parrouffe and Mujumdar 1988, Perre et al1986, Parry 1985, Strongin 
and Border 1986, Oliveira and Fernandes 1986, Croll 1987, Blandin et al1987). 
Wu (1996) presented a prediction technique for moisture contents and moisture 
gradients of an overlaid particleboard. Burch (1993) investigated the effectiveness 
of three alternative practices for controlling moisture accumulation in the walls of 
manufactured housing by computer analysis. Avramidis (1992) improved his 
original model which predicted heat and moisture transfer through wood. The 
model was based on the principles of irreversible thermodynamics and evaluated 
with unsteady-state non-isothermal diffusion experimental data. Dai (1999) 
successfully developed a differential model in one dimension based on the Fick's 
law and simulated by employing finite element analysis. This is fully described in 
sections 6.2.4 and 6.3.3. 
A range of other models emphasise different individual factors, such as heat and 
20 International Council for Building Research Studies and Documentation. 
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mass transfer (Plumb 1985, Stanish 1986), wood density (Pang 1996), moisture 
sorption history (Hernandez 1993) and other constant conditions (Liu 1994). 
However, in spite of all the research that has taken place and the progress that has 
been made, there is still no simulation model which integrates all aspects of the 
moisture transmission process. The reason is that there are still a number of key 
) theoretical issues which have not been fully resolved. The most significant of 

1 

I 
these appears to be a lack of experimental data, over-simplification (multi-I 

I 

component models needed), or unknown coefficients. In most cases, model 
I 

i 
 builders use their own limited experimental data to fit their models. Problems 
I 

I 
 arise where the sorption data are erroneous or inaccurate as the reliability is 
I 
I 
1 greatly affected by the accuracy of measurement of moisture transfer in progress. 
This chapter provides an analytical model to predict moisture distribution for both 
the processes of adsorption and desorption under varying environmental 
conditions. An analysis of the errors in this sorption model is discussed. The 
experimental data presented in Chapter 3 and 4. and the moisture monitoring 
system developed in Chapter 5 were extensively employed in this study on 
sorption isotherms and diffusion coefficients determination. Moisture sensors 
developed in Chapter 5 have been proven to the extent that they have become a 
very reliable tool for moisture monitoring (Dai and Ahmet 1998). For testing the 
author's mathematical model, continuous measurement of moisture content as a 
function of both depth and time have been achieved by use of these sensors. 
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Further general model of sorption processes in three dimensions is developed and 
tested with the continuous monitoring data from the sensor. The data also showed 
that the author's resistivity monitoring method which links with moisture content 
is highly suitable for monitoring moisture content distribution in moisture 
transmission. 
6.2 Modelling of Sorption Processes in One Dimension 
ill wood, model development has been based on mechanistic approaches in which 
microscopic descriptions of transfer phenomena have been derived from Fourier's 
and Fick's laws (Crank 1975). There are continuing debates in the research 
literature on the validity of Fick's law for the adsorption of water by wood (Babiak 
1995 and Nakano 1994b, Hunter 1996). The validations for this study are further 
discussed in Section 6.5. 
The transfer of moisture within the wood can be described by Fick's laws 
(described in Crank 1956). For one dimension situation, these are 
aC(x,t) = D a2C(x,t) (O<x<a, t>O)Equation 6-1 at dX2 
where C21 is the moisture content at the position x and time t, a is the sample 
thickness and D is the diffusion coefficient (described further in Section 6.2.3). 
The assumptions for its use in this research are as follows: 
21 	Note that: in previous chapters. moisture content was defined as M. For consistency. C is defined 
here which is strictly moisture concentration. 
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1. Constant diffusivity i.e. the diffusion coefficient D is constant. 
2. Moisture is transferred entirely through the transverse direction. 
3. Moisture gradient is the "driving force"22 of moisture movement. 
Further, Newmann's boundary condition (Avramidis 1992) was applied in this 
study; i.e. the rate at which moisture is emitted through the wall surface at any 
time is equal to the rate at which moisture diffuses from the interior to the surface 
or vice versa. 
From the above assumptions, the initial condition is: 
Equation 6-2 C = C1 (O<x<a, t>O) 
where C1 is a constant moisture content in the medium. 
In this case, the boundary conditions can be written as: 
aC(O,t) =0Equation 6-3 
ax 
Equation 6-4 DaC~:,t) = K[C2 - C(a,t)] 
where K is the coefficient of moisture transfer at the surface and C2 is equilibrium 
concentration of the sample corresponding to the vapour pressure in the 
atmosphere remote to the surface. 
22 This phrase is originally used by Skaar (1988) and Simpson (1997). 
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J To obtain generalised results, various dimensionless parameters were defined in 
I 
I the next section. The reason for choosing generalised parameters was to enable the 
• 
I 
• author to use the standard (Mathe ad 8.0) simulation package. This enabled 
I Equation 6-1 to Equation 6-4 to be further written in two different dimensionless 
I 
I formulations in two cases, C2 >C for sorption and Cz <C for desorption. 
I 
I 
I 
I• 
I 6.2.1 Adsorption 
I 
I• 
In this case, the following were defined: 
E(~,(J))=[C(~,(J))-Crl/(CZ-Cl)' s=xJa, ro=Dt/a2, '4'=KaID. Here the dimensionless 
parameters E, gand (i) represent moisture content, thickness and time in the 
I 

I 
 Fourier form, respectively; lI'is the ratio of surface and internal resistance on 
~ 
I surface. Thus, Equation 6-1 to Equation 6-4 can be put into dimensionless forms 
I 
I in the same order as previously presented: 
I 
I 
Equation 6-5 
Equation 6-6 
Equation 6-7 
Equation 6-8 
I 

I 

I 

E =0 
dE(S,ro) 
as 
dE(~,ro)
as 
= 0 
= '4'[1- E(~,(J))] 
(O<S<I, (0)0) 
(O<S<I,O)::O) 
(~=O, ~O) 
Cs=l-e, e~O, <0>0) 
I 6.2.2 Desorption 
I 
I Similar to section 6.2.1, the following were defined for desorption: 
I 
I 
I 
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Equation 6-1 to Equation 6-4 can be put into dimensionless forms in the same 
order as previously presented: 
• aE(~,ffi) _ a2E(~,m)
Equation 6-9 (0<~<1, ro>O)

• am - a~2 

Equation 6-10 E = 1 (0<~<1, (0:::0) 
Equation 6-11 aE(~,m) = 0 (~=O, C&O) a~ 
Equation 6-12 aE~~ffi) = -\lfE(~,m) (~=1 - E, E-70, 00>0) 
-
! 
.­ 6.2.3 Diffusion coefficient determination 
The diffusivity D* (mm21hr) was calculated by the author from the slope of the 
sorption curve plotted versus the square root of time (Siau 1984): 
• ;ra2 [ C -c ] 
•-
Equation 6-13 D* = ( 16]x i,-J; 2 • 
where C is the percentage moisture content at time t (measured in hours) based on 
the resistance described in chapter 5. Subscripts 1 and 2 represent two 
representative points on the linear part of the sorption curve. In calculating the 
diffusivity, the values of t1 and t2 were taken to correspond to C =0 and C =0.5, 
respectively. D* is the apparent diffusivity. "Apparent" indicates that D* might 
not be a true (steady-state) diffusivity. 
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I For the experiment in section 6.2.5, the value of D* and K were determined to beI 
I 1.27x10-8 m2/s, 8.25xlO-9 m2/s respectively.
I 
I 
I 
I 
I 6.2.4 Numerical technique employed to solve the equations 6-5 to 6-12 
I 
I Equations 6-5 to 6-8 and Equations 6-9 to 6-12 were solved numerically by an 
I 
I explicit forward difference method_ The wood sample was divided into a number 
I 
I of cells of constant thick D.s, in which the moisture content Eij is known at the time 
I 
iL1lO, see Figure 6-1. Considering variable mesh spacing. the appropriate 
second order finite difference approximations of the spatial derivatives of a 
function E at a point i are: 
I Space (s,) 
'I 
Or---~---+----r----r--~I 
(i+l),M.oI---+---t---+---+­
Time (co) 
Figure 6-1 The dimensionless space-time numerical mesh 
. 6 1423 (dE) _(M) _ Ei+1 - Ei-1EquatlOn - - - - - ----'~-~-
dm i D.CO i D.CO + + D.CO_ 
and Equation 6-15 
23 N.B. for clarity "=" symbol used instead of "=". 
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where .1~+ indicate the mesh size to the right of the grid point i, and so on and so 
forth. 
In summary, the modelling employed numerical analysis by use of the method of 
finite differences, producing values of moisture content as a function of time and 
specimen depth. 
6.2.5 Experimental measurement of moisture content 
For testing the model, experiments were conducted by means of the moisture 
sensor (PROBE) described in Chapter 5 to measure the DC resistance in different 
wood layers. The construction of the Figure 6-2 shows how the moisture sensors 
were installed into the wood. 
The test material was Beech, heartwood, (dimensions 40x40x300 mm). Holes, 10 
mm in diameter, were drilled into the sample. The sensors were embedded into 
the holes, and then sealed with silicon caulk to ensure that the outside atmosphere 
does not affect the buffer environment. Sensors were not inserted near obvious 
defects to ensure that the electrodes give more representative readings. Three 
sensors were installed in the same conditioning chamber at various relative 
humidity (RH) at temperature 20 °c. As in the previous experiments, the RH was 
maintained by appropriate saturated salt solutions. The set-up is further described 
in Ahrnet (1999a). The sensor construction and related moisture monitoring 
system was previously discussed fully in Chapter 5 and Dai (1998). 
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6.2.6 Results and discussion 
The predicted adsorption moisture contents using the numerical solutions method 
(section 6.2.4) and moisture content readings from the system discussed in 
Chapter 5 are plotted against conditioning time in Figure 6-3 for various depths 
below the wood surface. The initially "dry" samples were conditioned at 55% 
RH, 20°C. For the numerical solutions, various values of the diffusion coefficient 
(D), based on curve fitting, were determined by use of Equation 6-13. The dotted 
lines in Figures 5 and 6 have been extrapolated to low moisture content with 
caution since these go beyond the available experimental data. It is clear that 
there is good agreement between the predicted and measured moisture contents 
from the various depths employed. The typical differences agree to within 0.3% 
for both adsorption and desorption. 
In the case of desorption, the samples were pre-conditioned at 75% RH until they 
reached EMC; they were then re-conditioned down to 55% RH. Figure 6-4 again 
compare the predicted moisture contents by numerical solution and moisture 
content readings from the moisture monitoring system plotted against conditioning 
time for various wood depths. 
For both adsorption and desorption, the experimental data fluctuates around the 
EMC value after 20 days approximately. However the simulated data remained 
nearly "flat" close to EMC value. Sorption hysteresis is also observed, i.e., the 
. 1 th that of the desorption curve. final EMC of the adsorption curve bemg ower an 
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In this study, it is assumed that, at the onset of conditioning, the specimen surfaces 
reach EMC instantaneously as a result of negligible mass transfer resistance at the 
wood / air interface. The moisture content at depth remains at the original value 
and there is an increase in moisture content just below the surface. As 
conditioning progresses, the moisture front moves towards the centre (opposite 
process for desorption) and the slope becomes smaller. At the same time, the 
moisture content in depth increases (decreases for desorption). 
Clearly, the diffusion coefficient is also a function of depth, that is, the diffusion 
coefficient of moisture transfer in wood specimen is dependent on its thickness. 
This variation can be attributed to the mobility of the diffusion water molecule . 
which also depends on the chemical potential and varies with moisture content. 
Because of moisture gradient, D varies with sample depth. Further discussion can 
be found in Skaar (1988). Compared with Haloui (1994) where D was assumed 
constant, the agreement in trends between experimental data and numerical 
solutions is very reasonable when varying values of D were computed and 
employed as appropriate. (Although D depends on temperature also, this was kept 
constant in this study). 
Avramidis (1987) quotes previous work to explain above phenomenon. He uses 
the existence of a diffusion coefficient (DD due to instantaneous changes in the 
specimen because of the change of the moisture content, and a delayed 
equilibrium diffusion coefficient (De). In the case of thick specimens the diffusion 
is so slow that the coefficient has no time to approach De closely, whereas 
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diffusion near the surface is so fast that the coefficient never changes appreciably 
from D j • The diffusion coefficient is found to also increase with the wood 
moisture content. 
6.3 Model of Sorption Processes in Three Dimensions 
Based on the analysis of the diffusion equations above, Fick's law was further 
extended to three dimensions, with consideration that the diffusion coefficients are 
function of moisture content and distance from the surface of sample. 
In principle, simulation can be found from equations discussed in this section. 
However, this final stage has not been carried out for the following reasons: 
1. 	 Wu (1989) and Doe (1994) have reported that they had computational 
difficulties in the finite-difference type of solution of type diffusion equation 
(even in two-dimensions). 
2. 	 Considering that the diffusion coefficients are functions of moisture content 
and depth within the specimen in three directions, more powerful 
computational facilities than those available are required to solve Equation 
6-16. 
6.3.1 Assumptions 
Although similar to findings in section 6.2, it is important to state all assumption 
explicitly. The following assumptions were used: 
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• 
• 
• 
1. 	 Moisture is transferred by moisture diffusion within the wood with three 
principal axes of diffusion: longitudinal, radial and tangential. 
2. 	 The principal diffusivities are related from measurements when diffusion is set 
at one-dimension model along each of the principal axes. 
3. 	 The moisture content on the wood surface reaches the equilibrium value 
immediately when the sample is placed into the set-up environment. 
4. 	 Moisture gradient is the "driving force" of moisture movement. 
5. 	 Newmann's boundary condition can be applied in this study; i.e. the rate at 
which moisture is emitted through the wall surface at any time is equal to the 
rate at which moisture diffuses from the interior to the surface or vice versa. 
6. 	 The vapour pressure in the surrounding atmosphere is neglected. 
7. 	 No temperature change is considered throughout the experiment. 
8. 	 Dimensional changes are not taken into consideration during both adsorption 
and desorption processes. 
6.3.2 Pick's law in three dimensions 
I 

I To start, Pick's law in three dimensions was written as: 

I 
I 
I 	 . ac a ( dC J a ( ac J a ( dC )EquatlOn6-16 -=- - +- DR-a +-a DT ­DL	 aZI 	 at ax ax ay y z 
I 
• 
I (O<x<a, O<y<b, O<z<l, t>O) 
• 
where C(x,y,z,t) is the moisture content at position (x,y,z) and time t. Ddx,y,z,C) ,•
•
• DR(x,y,z,C) , DT(x,y,z,C) are the respective diffusion coefficients for the 
• 
•

• longitudinal, radial, tangential grain directions; a, b, I are the sample thickness, 

• 
width and length respectively. 
•
• 	 152 ~ 
_I 
r;::a._:ca.=. _ 
The boundary conditions were then written as follows: 
Equation 6-17 C=Cl (O<x<a, t>O) 
dC
Equation 6-18 D -=K (C-C)
x dX x 2 
Equation 6-19 
Here Cl is a constant concentration of the sample in the medium; K is the 
coefficient of moisture transfer at the surface and Cz is the eqUilibrium 
concentration corresponding to the vapour pressure in the atmosphere remote from 
the surface; x represents the co-ordinate along the x axis and so on;f(x) is the 
function of length which needs to determinate experimentally. 
6.3.3 Numerical analysis 
If it is assumed that the principal diffusivities are constant, analytical solution 
exists when the initial distribution of diffusing substance is uniform throughout 
the wood. However, as the moisture distribution at the initial stage of adsorption 
and desorption were not uniform in this study, and the diffusion coefficients 
change with the moisture content and depth of a sample, the solution had to be 
sought numerically. 
It was decided to solve the equations in the model using the method of finite 
differential approximation. Since the model comprises a system of coupled 
parabolic partial differential equations, the method of finite differential 
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approximation is ideally suited (discussed here in section 6.2 and Machura 1980). 
In the approach used, the space variables were first made discrete, and the 
resulting system of ordinary differential equations were solved by the backwards 
differentiation scheme, Gear (1970). 
Along each principal direction of diffusion, the cubic specimen of side L was 
divided into finite slices of thickness M..., !1W, and MI. Each position in the wood 
is associated with three integers i, j, k defined by the relations: 
x = iM... with 0 ::; i ::;2NL L =2NLM 

Y=jL1W with 0 ~j ::;2Nw L =2NwL1W 

z = kMI with 0 ::; k ::;2NH L = 2NHMI 

The equilibrium moisture content within each small volume of dimensions IlL, 

L1W, and MI were evaluated during the increment of time L1t by considering the 

diffusion and boundary conditions during the stages of sorption and desorption. 

The new concentration after some elapsed time was thus expressed in terms of the 

previous concentrations in the same position and the other adjacent positions. 

The appropriate second. order finite difference approximations of the spatial 

derivatives of a function (CN) at a point (i, j, k) with 1 ~i ~2NL, 1 ~j ~2Nw, 1 ~ 

k ~ 2NH , are given by: 

Equation 6-20 

CNj,j,k = Cj,j,k +wL (Cj-l,j,k - 2Cj ,j,k + CH1,j,k) 
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p 
where dimensionless numbers WL, COR, and Wr are defined as follows: 
Taking (i, J, K)24 to stand for a parameter which varies with i at specific (J,K), 
then DL ,DR and DT in above formulae are: 
1 
I 
: DL = f(i,J,K)(P2L XCi~J,K + PIL XCi,J,K + PoJ 
DR = f(l,j,K)(P2R XC},j,K + PIR XC[,j,K + POR) 
Dr = f(l,J ,k)(P2r X C;,J,k + PIT X CU .k + POT) 
Boundary concentration on the surface 
For the face of the cube perpendicular to the longitudinal axis, for i = 0, the new 
concentration is: 
2xIltxK ~ )Equation 6-21 CNo ' k = Co . k + 2wL ~C1 . k - Co .k )- Co .k ­
.J. .J. .J. .J. M.. .J, C2 
+wR (CO.i -l •k - 2CO•J.k +CO•j +1•k )+ wT (CO,j,k-l - 2CO,j,k + CO.j,k+!) 
By making the simple approximation: 
CNo 25 . k = Co . k 
. ,J. ,J. 
the concentration on the other surfaces were obtained similarly by permutation of 
the axes and indices in Equation 6-21. 
24 Note that upperlJower case distinction is important. 
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Boundary concentration at the edges 
For the edge parallel with the longitudinal axis of diffusion, the small 
parallelepiped of thickness t1L and d W and Ml was considered. The new 
2 2 
concentration at this edge associated with integers: i,j=O, and k=O, is given by: 
Equation 6-22 CNi,o,o = Cj,o,o + wL (Ci-1,0,0 - 2Ci,o,0 + Ci+1,O,O)+ 2mR (Ci,I,O - Ci,o,o) 
- 2xdtxK (C -C )+2w (C -C )- 2XMXK (c -C)dW ~ i,O,O 2 T ~ i,O,1 i,O,O Ml ~ i,O,O 2 
By making the approximation: 
CNi ,0.25,0.25 =C\,O,O 
The concentrations at the other edges are obtained by permutation of the axes and 
indexes in Equation 6-22. 
Boundary concentration at the corners 
For a corner, defined by i, j=O, and k=O, eN was calculated to be: 
Equation 6-23 
2xMxK ( ) ( ) 2xdtxK ( ) 
- d W \Co,o,o - Cz + 2{j)r CO.O,1 - Co,o.o - Mi \Co,o,o - C2 
by making the assumption: 
CN0.25.0.Z5.0.25 -C- 0.0,0 
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Conditions of symmetries 
As the experimental data was derived from cubic samples conditioned in a 
chamber at constant RH and temperature distribution, three symmetries were 
included: 
CNNL+l,j,k =CNNL-l,j,k 

CNj,NW+!,k = CNj,NW_l,k 

CNj,j,NH+J = CNj,j,NH_J 

6.4 Diffusion Coefficients - an Experimental Study 
Several authors have developed methods to determine the surface emission 
coefficient. Choong and Skaar (1969) developed an approximate method based on 
drying data for two different thicknesses. Rosen (1978) applied this method and 
showed that the surface emission coefficient (K) increased with air velocity. 
Avramidis and Siau (1987) investigated the effect of thickness, moisture content, 
and temperature on K. Liu (1989) modified the method of Choong and Skaar so 
that drying data from only one thickness was necessary. In all these evaluations, 
the calculations were based on drying times to the point where half the total 
moisture content change has occurred. Chen et al (1995) developed an 
optimisation method that considers data for all drying times. It searches for the 
optimum D and K pair that minimises the sum of squares of deviations between 
experimental and calculated data. The solution they used for Equation 6-1 
assumed that D was constant with moisture content. 
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For water above the FSP, moisture movement is thought to be by capillary 
pressure. Because of the presence of free water in addition to bound water and 
water vapour, the moisture movement is considered as quite complex although 
both Hunter (1995) and Kouali (1992) concluded that the diffusion coefficient is 
constant above the FSP. fuvestigation of sorption processes above FSP is beyond 
the scope of this thesis. 
From the discussion in section 6.2.6, the diffusion coefficient is not a constant 
below FSP. The diffusion coefficient varies with the moisture content and depth 
from the surface of specimen. Because of the variation of moisture content with 
depth, the depth may slightly affect D and the diffusion coefficient is mainly 
dependent on the moisture content. Therefore, here the relationship between D and 
moisture content in three dimensions below FSP was investigated. 
6.4.1 Experimental data 
Cubic samples, sides 60 mm of Scots pine (heartwood) were prepared and the 
moisture gradients were monitored as a function of time from the green condition 
using the system discussed in chapter 5. The PROBEs were installed within the 
specimen in the longitudinal, tangential and radial directions respectively. The 
data on diffusions in three dimensions obtained in this experiment agree closely 
with the values shown in the literature (Siau and A vramidis 1996, Rosenkilde and 
Arfvidsson 1997). It should be stressed that to obtain comprehensive results, the 
datum in Rosenkilde and Arfvidsson (1997) have been included in this study (see 
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Tables 6-2 to 6-4). Table 6-1 shows the sample specification used in the 
experiment. All samples were insulated on four sides to ensure moisture only 
transport through one grain direction during the conditioning period. Therefore, 
the moisture transport could only occur in one direction in each sample, either 
radial, tangential or longitudinal of wood grain. 
Table 6-1 Test sample data 
Direction of moisture flow RadiallTangential Longitudinal 

Density (kglm3) 507 556 

Standard deviation (kg/m3) 31 5 

Initial MC (%) 30 31 

Number of specimen 30 3 

The samples were conditioned in the conditioning chambers (see chapter 4) for the 
desorption process. The conditioning chamber was maintained at 60 ±0.5°C and 
59 ± 2% RH by saturated chemical solution (Sodium Nitrite). The reasons for 
choosing temperature at 60°C were (i) to speed up the experiment; (ii) to keep 
the same condition with Rosenkilde (1997) in order to compare the results. The 

result from moisture content measurement against distant and time in three grain 

Table 6-2 Moisture content in Scots Pine in the radial direction of grain 

Time (hours) Distance from 
54.6 95.10 8.6 20.3 26.4 32.7 43.2 centre (mm) 
15.2 12.229 23 21.1 19.1 16.60 30 
15.2 12.229 22.9 21.1 19.1 16.51.5 30 
14.8 11.718.4 16.326.5 21.2 19.74.5 31 
14.1 11.217.2 16.27.5 30.5 25 20.3 17.4 
13.1 10.815 1421 16.4 15.310.5 30.4 
10.6 9.711.2 1113.5 28.2 14.8 12.2 11.4 
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Table 6-3 Moisture content in Scots Pine in the tangential direction of grain 
Distance from Time (hours) 
centre (mm) 0 4.4 16.3 22.2 28.5 39.0 90.5 
0 31.2 30.4 24.8 22.6 20.8 17.2 18.0 
1.5 31.2 30.5 24.9 22.6 20.8 17.2 18.1 
4.5 32.1 29.9 23.5 21.3 19.7 16.6 12.6 
7.5 30.9 26.9 21.3 19.7 18.2 16.0 12.1 
10.5 29.9 23.3 18.4 17.7 16.2 13.3 11.4 
13.5 27.6 16.2 14.2 13.5 12.8 11.1 10.1 
Table 6-4 Moisture content in Scots Pine in the longitudinal direction of grain 
Distance from Time (hours) 
centre (mm) 0 2.3 3.1 4.0 6.0 7.0 9.2 15.9 
0 31.6 31.6 29.3 23.1 17.4 15.9 13.4 11.7 
1.3 31.6 31.6 29.4 23.1 17.4 15.9 13.4 11.7 
3.5 32.4 29.6 26.2 21.6 17.1 15.4 13.1 11.8 
5.9 32.6 24.1 20.5 17.9 15.3 14.5 12.2 11.3 
8.3 32.5 16.9 14.7 12.4 12.5 12.2 12.0 11.3 
10.8 31.4 9.3 8.4 7.8 8.7 9.0 9.6 11.2 
directions are shown in Tables 6-2 to 6-4. These measurements show gradient 
from centre of the sample to the surface. The values presented here are the mean 
values of the two gradients from the centre to both surfaces. 
6.4.2 Diffusion coefficient calculation 
Having assumed that the diffusion coefficient varies with the moisture content, 
Equation 6-13 was then rewritten as: 
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Equation 6-24 D·=~n~J 
here ax is the thickness in the x grain direction. C is the percentage moisture 
content in time t. x is the longitudinal, tangential or radial grain direction, 
respectively. The diffusion coefficients in the three-grain directions were then 
calculated, refer to Table 6-5. 
Differential coefficients in Table 6-5 are further displayed graphically in 
Appendix C, Figures C-l to C-3. Table 6-5 shows the values in the tangential 
and radial direction of wood grain to be very similar. This is identical with the 
results shown in Figure 6-5 and Figure 6-6. Table 6-6 shows coefficients of the 
curve fitting equations and their R2 values. 
Table 6-5 The diffusion coefficient D for Scots Pine heartwood 
Longitudinal Tangential Radial 

MC(%) DxlO-10 (ro2/s) MC(%) DxlO-10 (ro%) MC(%) DxW-1O (ro2/s) 

11.7 25 10.8 6.2 10.8 5.0 
13.5 30 12.8 6.3 12.8 6.2 
15.3 30 14.8 7.5 14.8 6.3 
17.1 30 16.8 8.7 16.8 7.5 

18_9 30 18.7 8.8 18.7 7.5 

20.7 35 20.7 10 20.7 10 
22.5 35 22.7 8.7 22.7 9.2 
24.7 24.724.3 40 8.8 12 
26.6 1426.1 30 26.6 13 
28.6 1827.9 30 28.6 15 
29.7 30 30.1 25 , 
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A range of the regression equations were used to fit the data: 
Logarithmic D =II In(M) + 12 
Power D =xMY 
Exponential D = aebM 
The values of the computed coefficients are given in Table 6-6. 
The findings show the following: 
1. 	 From Table 6-6 and figures C-1 to C-3 in Appendix C, it can be clearly seen 
that the diffusion coefficient D increases with increasing moisture content, for 
three directions of wood grain.25 
2. 	 Several studies use the exponential function when considering the diffusion 
coefficient variations with the moisture content, (Droin-Josserand 1988, 
Simpson 1997, Skaar 1988). For example, Simpson (1997) showed that the 
diffusion coefficient for red oak can be expressed by 
D =A exp (-52891T)exp (BMIJOO) 
where T is temperature in Kelvin; M is moisture content in percent, and A and 
B are experimentally determined coefficients. 
25 For normal climatic conditions in short term, the range of moisture change is small, and for 
practical purposes, all parameters may be considered to be constant ( Section 6.2; Bramhall 
1979a and b; Kouali and Vergnaud 1991; Lu and Leicester 1997). For evaluating long term 
wood performance in varying climatic condition, the factor of moisture content affecting D must 
be considered. 
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Table 6-6 The coefficients from regression for diffusion coefficients, and R2 values. 
Coefficients for re- Longitudinal 

gression equations Coefficient values ~ 

h 12 5.88, 13.78 0.21 
Poly- P2, .. ·,PO -0.083,3.6778, -6.6346 0.55 
nornial P3, .. ·,PO -0.005,0.2275, -2.4565, 31.715 0.58 
coeffi- P4,''''PO 0.0003, -0.028,0.9186, -11.373, 73.253 0.58 
cients* P5, .. ·,PO 6x1O,4, -0.0656, 2.6323, -51.448, 489.94, -1791.7 0.8155 
P6, ..	·,PO 6xlO,6, lxlO'4, -0.0277,1.6278, -36.775, 378.l6, -1444.9 0.8159 
x, y 17.497,0.1929 0.2345 
a, b 26.239, 0.0083 0.1655 
Tangential 
h 12 11.884, -24.678 0.5477 
Poly- P2, .. ·,PO 0.0643, -1.9786, 21.68 0.8062 
nomial P3, .. ·,PO 0.0108, -0.6013, 10.921, -56.435 0.9328 
coeffi- P4,''''PO 0.0013, -0.0926,2.4531, -27.494, 116.51 0.9747 
cients* P5, .. ·,PO 4xlO,5, -0.0028,0.0709, -0.696, 1.8315, 11.069 0.9757 
P6,· .. ,PO 2xlO's, -0.0018, 0.0909, -2.3739, 34.252, -257.46,790.28 0.9787 
x,y 0.4654, 1.0242 0.7174 
a, b 3.1046, 0.0558 0.7856 
I Radial 
I}, 12 11.231, -23.411 0.7994 
Poly- P2,· .. ,PO 0.0389, -0.8968, 10.87 0.9622 
nornial P3,· ..,PO 0.0039, -0.1924, 3.435, -14.623 0.9813 
coeffi- P4,''''PO 0.0002, -0.0142, 0.3255, -2.8866, 13.109 0.9827 
cients* P5, .. ·,PO 3xlO,5, -0.0029, 0.1076, -1.9459,17.654, -58.842 0.9832 
P6,···,Po -lxlO'5, 0.0017, -0.0817, 2.09, -29.361, 214.96, -635.73 0.9846 
x,y 0.2749, 1.1835 0.9109 
a, b 2.4414, 0.0655 0.955 
* Coefficients from the second to sixth order polynomial fit. 
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Droin-Josserand (1988) uses constant concentration-dependent diffusivity (in 
cm2/s) for Scots Pine at constant temperature 
D=1.5xlO·6exp(O.0228M) 
The author's findings showed the polynomial fits to be much more reliable. 
From Table 6-6, exponential regression gives the poorest correlation for 
longitudinal diffusion coefficient and the correlation for radial and tangential 
ones. As Table 6-6 shows, in this study, polynomials more than the second 
order do not much improve R2. For high order polynomials, the regression 
coefficients determination results from the enormous increase of amount of 
calculation for solve finite differential equations, second order polynomial 
relation of D and Me was used for development of general model in section 
6.3. 
3 . 	 In Table 6-5, it can be found that the diffusion coefficient for tangential grain 
is close to that for radial direction. Therefore, it was reasonable to assume 
DT=DR for simplifying the numerical calculation previously used in section 
6.3. 
6.4.3 Investigation of surface sorption 
In general, when Fick's law is introduced to described sorption processes, 
measuring the diffusion coefficient is dependent on not only the validation of 
Fick's equation but also the validity of boundary condition. As a matter of fact, 
the validation of the boundary condition used should be analysed, i.e. how the 
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condition describes the real physical process going on at the boundary. In Lu 
(1997), one of the assumptions for the boundary condition at the air-wood 
interface is stated as Msurface =Moor when surface resistance is neglected. Msurface is 
the moisture concentration on the wood surface and Mair is the equilibrium 
moisture content that the surface will eventually attain. 
To investigate the validity of the boundary condition, the author has done a test by 
using the PROBE for a period of one month. The PROBEs were directly exposed 
to the RH condition 65% and 85% at 20oe. Figure 6-5 and Figure 6-6 show the 
variation of the resistances of the sensor PROBE with time for nearly 400 and 800 
hours, respectively. Figure 5-10 refers to resistances, Rl to R6 , and have not been 
corrected to Me. Clearly, the surface moisture content is a function of time and 
was not attained equilibrium instantly. Typical time required for equilibrium is 
200 hours. The surface resistance must take into consideration in the boundary 
condition as presented in Equation 6-18. 
Figure 6-5 and Figure 6-6 indicate that in higher RH environments, EMC is 

reached in longer time. It assumes that the surface emission coefficients decrease 

with relative humidity as long as the air velocity and surface flow conditions 

remain the same. 
The time for a sample surface to reach eqUilibrium with the surrounding 

atmosphere is reduced dramatically when the air flow is increased. That is, K, in 
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Equation 6-18, increases with air flow. For the sorption process, the moisture 
concentration is the main driving force, thus the EMC can be attained much 
quicker when a fan is used in the test. This was empirically shown to be the case 
in chapter 4. 
6.S Discussion 
6.5.1 Can the sorption be described by Pick's law? 
When Pick's law is used for wood, it is assumed that there is an instantaneous 
equilibrium between the relative humidity in the cell cavity and the moisture 
content of the cell walls surrounding the cavity. This assumption has been shown 
not to hold (Figure 6-5 and Figure 6-6). Non-Fickian behaviour found in wood is 
thought to be caused by the slow sorption in the cell walls (see also Wadso 1994). 
It should be noted that seemingly non-Fickian behaviour can be caused by other 
factors other than the sorption not obeying Fick's law (e.g., a large surface 
resistance or poor experimental data). This study has shown, however, that the 
major part of deviations, if diffusion coefficient is varied in section 6.2, are in fact 
caused by the sorption itself not being accurately described by Fick's law. 
6.5.2 Influence of direction on sorption 
The diffusivity in wood is direction-dependent. Table 6-5 shows that there is no 
significant discrepancy of diffusivity between the tangential direction and radial 
direction. As a comparison, longitudinal diffusion coefficient is much higher than 
the other two grain directions, typically three times. Conductivity on surface 
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resistance as shown in Figure 6-5 and Figure 6-6 presents similar results, that is, 
1.8 (0.25 in logarithmic scale) and 2.5 (0.4 in logarithmic scale) for RH 65% and 
85%, respectively. The results are identical with the discussion in Section 5.7.1 in 
which the ratio of longitudinal to tangential electrical conductivity increases with 
the moisture content over a range of 8% Me. 
In the experimental data shown in section 6.4.3, the resistance was measured 
independently to avoid electric effects from the other resistances. Because the 
PROBEs were directly exposed in the RH conditions, there may be cross influence 
from the sorption through other directions. For practical reason, the sorption 
process is through all grain directions instantaneously, thus, the evaluation of 
diffusion coefficient should also consider the factor of cross influence for grain 
directions. 
6.5.3 Errors occurring in this study 
A simulation must give a result which is close to the true value of the 
measurement. An analysis of the possible errors in the sorption investigation is 
therefore important. Error analysis can be made on two levels: treating different 
sources for a single measurement, or using statistical methods on a set of 
measurements. It is sometimes thought that one can minimise uncertainty by 
making many measurements. However, this is only true when there are no 
systematic errors. Many errors in the sorption process are systematic and can spoil 
a measurement. It should be noted that fitting one or many parameters of a model 
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and then successfully simulating the measurement result is no proof that the 
measurement was good. The best solution is to analyse all possible errors in order 
to be confident that the measurement and simulation method are good. 
Sample sealing 
In the experiment, samples were sealed by plastic film on all surfaces other than 
one to ensure that the flow is one-dimensional. The calculation was made with the 
assumption that the flow through the sealing is negligible compared with the total 
weight change.26 
Uncertain and uneven thickness 
In the diffusion coefficient calculation, the precision values of wood dimension 
are needed. If there is an error of ±1l in the thickness, the related error, E, in D 
will be: 
For uneven thickness, no wood sample has exactly the same thickness throughout 
and it is necessary to measure the thickness in a number of points and to use the 
average in the calculation. 
26 If the sample is not sealed, the moisture flow into a sample will be three-dimensi~nal.. If the . 
sample thickness is small compared to other dimensions and the diffu~ion coe~cie~t in the mam 
flow direction is the largest one, the measurements can be valid in mam flow directiOn compared 
with other directions. 
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To determine the maximum error from uneven thickness is to calculate the error 
from a sample which has two different thickness. If the mean thickness is [, let [-11 
and [+Ll be the thickness of two measurement points of the sample. The slope of 
the sorption curve of this sample with two thickens is: 
The Dx calculated with Equation 6-24 is Dcalcu. Then the relative error is 
£ = D ca/cu - D x = ( [2 J2- 1 
D [2 _1l[2 
x 
For example, for a 60 rnm cube sample, if the sample thickness varies 2 rom, the 
relative error contribution to the diffusion coefficient is 0.2%. 
Unwanted changes 
There are a number of other possible causes of problems that were avoided: 
1. 	 Salt from saturated salt solution (used to maintain relative humidity) deposited 
on samples. 
2. 	 Errors associated with the instrumentation (discussed in Chapter 5). 
3. 	 Temperature fluctuation (affect both sorption and instrumentation 

performance) 

4. 	 Surface mass transfer: As the moisture flow near a sample is a complex 
process, the coefficient value, calculated in section 6.2.3 and 6.4, should be 
seen as approximations. 
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6.6 Conclusion 
In this chapter, sorption processes were investigated based on numerical analysis. 
The model was tested with sensors described in chapter 5 having the capability of 
monitoring the moisture content at different depths in wood. Continuous 
monitoring of moisture content has made it possible to overcome the drawbacks of 
various other investigations that are short of data or where erroneous data may 
have been employed. 
The basic model introduced in one-dimension has reasonably described the 
process of adsorption and desorption of moisture in timber, where the transport of 
moisture follows the transverse direction of wood. Two forms of sorption process 
were tested. Both forms of the model, adsorption and desorption, were able to 
attain the profiles of moisture concentration throughout the specimen and to 
predict the phenomenon of diffusion. The experimental and simulated sorption 
curves were in excellent agreement, providing validation for the model. The 
following conclusions can be made from Fick's law in one dimension: 
1. 	Adsorption can be described by a diffusion process, and the stage of desorption 
is controlled by evaporation and diffusion. 
2. 	Ifonly constant diffusivity is considered in the stages of evaporation and 
desorption, with the same value in these two cases, then there are significant 
discrepancies between the experimental data and both analytic and numerical 
solution. Increasing value of diffusivity coefficient with moisture content were 
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used and the results from the model were compared with "in-situ" monitoring 
moisture data: these have shown good agreement over various conditions. 
3. 	The hysteresis effect is observed if the model uses the concentration dependent 
diffusion coefficient. 
4. 	 A model in one dimension, based on a numerical method with finite 
differences, and concentration dependent diffusivity is able to describe both the 
process of adsorption and desorption. The predicted moisture contents are in 
agreement with the measured data and this gives confidence that the model can 
be extended at a later stage to include prediction of diffusion process in three 
dimensions for general purpose. 
By studying the general diffusion model of sorption process for the finite 
thickness element considering the effect of surface resistance for boundary 
conditions, it was found that for the parameters used herein, the effect of surface 
resistance on moisture content predictions should not be neglected for either 
longitudinal, tangential or radial direction of wood grain. For ease in application, 
particularly for the three-dimensional case, the assumption can be made that 
diffusivity in a tangential direction is equal to that in a radial direction. 
The experimental data in section 6.4 shows that the diffusion coefficient is a 
function of both moisture content and dimension of sample. The value of D is 
dominated by the moisture content although additional relationship between the 
diffusion coefficient and sample thickness requires extended research for further 
confirmation. The diffusivity in the longitudinal direction is considerably higher 
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than the tangential and radial principal diffusivity. Also the diffusion coefficients 
in all directions increase when the moisture contents increase. The relationship 
was accurately predicted using a second order polynomial regression line for Scots 
Pine. 
Brief error analysis has also been presented. It may help in planning sorption 
experiments and also give some ideas of the accuracy of meaasurements made. As 
the analysis is mainly only qualitative, a sum of all errors could not be calculated. 
In addition, the numerical analysis method is capable of providing more 
comprehensive data, with the moisture gradient developed within various mid­
planes of the cubic wood sample. It is very flexible and powerful, and can be 
applied to various complex cases when there is no analytical solution. Examples: 
1. When the initial moisture content is not uniform; 
2. When the diffusivity is concentration dependent; 
3. When other, more complex boundary conditions are observed. 
In this study, the experimental data were essential for the three following reasons: 
they give knowledge of the process, provide necessary data, and finally they are 
invaluable for testing the validity of the model. In this study, the PROBE with 
related moisture monitoring system provided a useful tool for sorption model 
verification. 
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Further refinements which include the diffusion coefficient changes with depth of 
the specimen and temperature could be included. These should enable the model 
to become a more useful, versatile tool for studying moisture profiles and moisture 
related problems in building materials. The model would also further benefit from 
analysis using powerful computational facilities and better algorithms for finite 
element analysis. 
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7. 	Concl usions and Future Works 
7.1 Conclusions from the Three Major Strands of This Thesis 
Three closely related studies have been carried out in this thesis, viz., an extensive 
EMC survey, the development of a moisture sensor and its related system for 
automating EMC measurement, and the investigation of sorption processes in 
wood. The main conclusions drawn from this research are presented as follows. 
7.1.1 EMC survey 
1. 	 Small differences in EMC between the "large" and "small" sized samples 
tested were explainable. Sample size does not significantly affect the final 
EMC attained if there are long enough conditioning time for large samples 
owing to apparently diffusivity changes with sample thickness. 
2. Small differences caused by drying history of wood were not unexpected and 
largely agreement with published data. Therefore, mixed sets with different 
drying histories would not cause large problems by EMC. 
3. 	Sample behaviour in conditioning chamber where RH is maintained by 
saturated salt solutions was virtually identical compared with the conditioning 
chambers where RH is electronically controlled. This proved that this is an 
economic, convenient and effective way for EMC experiment. 
4. Key factors affecting the EMC of timber in a given condition are relative 
humidity, temperature, previous history (whether in the drying or wetting 
phase) and withinlbetween species differences. The key factors influencing the 
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difference in EMC with a single species are heartwood versus sapwood, 

primary wood constituents, extractives, density and geographical location. 

5. 	The time-scales recorded in the work are only of limited use in predicting the 
time taken to attain a particular EMC due to the variance in time between 
species for changes in RH, temperature and previous history (within 
hysteresis). 
6. 	The experimental work in chapter 4 has provided extensive, species-specific 
EMC data which forms a diagnostic and specification tool, providing the means 
to establish the validity of moisture-related claims as well as the means to 
stipulate tighter moisture limits for constructional timber on a species by 
species basis. However, the gravimetric method of obtaining data was very 
laborious and for this reason the PROBE was developed. 
7.1.2 Moisture monitoring system 
1. Long term measurements have shown that the system developed is a reliable 
method of making measurements indirectly by placing a material with known 
resistivity-MC variation in equilibrium with the unknown medium. The 
advantage of this method is that the relationship between resistivity and Me of 
the sensor can be precisely calibrated. 
2. 	Compared with commercial pin-type moisture meters, various factors affecting 
measurement accuracy were investigated. Using screw type electrodes reduces 
the contact resistance between the electrodes and wood and maintains efficient 
long-term contact. The low frequency switching of the stimulating voltage 
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effectively overcomes the polarising phenomenon and capacitive effects in 
wood, and thus improves the measurement accuracy. 
3. It has been found that the reading for moisture content from a pin-type moisture 
meter does not linearly increase with distance between the pin electrodes. It has 
also been observed that the change of resistances in different wood grain 
directions is less than that of their diffusivity, that is, the resistance ratio 
between longitudinal and tangential directions is smaller than the diffusion 
coefficient ratio in respective directions. This is because the electric current 
from pin-electrodes would pass the path with the smallest resistance no matter 
what grain direction is. 
4. 	The moisture monitoring system may also be useful for measuring the moisture 
content of various materials, such as concrete, soil etc., if the moisture 
relationship between the material tested and wood buffer is precisely known. 
Further discussion in this area can be found in Ahmet (1999b). 
5. 	The PROBE presented in chapter 5 can provide more comprehensive moisture 
information than a pin-type moisture meter. Moisture gradients and moisture 
content in various grain directions can be reflected in the overall readings. This 
is a useful means for investigation of sorption processes because the sensor can 
be buried in different depths of a sample, the moisture diffusion process can be 
easily monitored. Therefore, the system has made it possible to overcome the 
drawbacks of various other investigations that are short of data or where 
erroneous data may have been employed. It also expands the moisture 
measurement location for long term monitoring purpose. The disadvantage for 
this system is that a hole requires to be pre-drilled. 
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7.1.3 Sorption process investigation 
1. 	Under laboratory conditions, the model based on Fick's law in one dimension is 
in good agreement with experimental data, where the transport of moisture 
flow follows the transverse direction of wood. This agreement is on the 
condition of using concentration-dependent diffusion coefficients. The 
agreement between the simulation and measured data gives confidence that the 
model can be extended to three dimensions. 
2. 	The generalised model in three dimensions considered the diffusion process is 
through longitudinal, tangential and radial wood grain although the validation 
of the model was not confirmed (see section 7.2). 
3. The most important factor in sorption investigations, the diffusion coefficient, 
has been intensively investigated. It has been found that the effect of surface 
resistance on moisture content predictions should not be neglected for either 
longitudinal, tangential or radial direction of wood grain. For ease in 
application, particularly for three-dimensional problem, the assumption that 
diffusivity in the tangential direction is equal to that in radial direction can be 
reasonably made. The experimental data shows that the diffusion coefficient is 
a function of both moisture content and dimensions of the sample. The 
diffusivity in longitudinal direction is considerably higher than the other 
principal diffusivity. Also the diffusion coefficients in all directions increase 
with the moisture content increase. The relationships were reproduced using 
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Appendix A: Data for preliminary experiment 
Table A- 1 Comparison of size effect on the final EMC of wood 
TemperatureCOC)/ 21°C/35% 21°C/65% 21°C/90% 
Relative Humidity(%) Equilibrium moisture content 
Predicted chart EMC value (Error! 8.35 14.02 22.8 
Reference source not found.) 
Small Beech 8.07 12.33 19.20 
Larch 8.00 11.56 18.00 
Average 8.04 11.95 18.60 
Large Beech 9.49 12.39 18.25 
Larch 8.17 11.01 16.98 
Average 8.83 11.70 17.62 
Table A- 2 Comparison of drying history effect on the final EMC of wood 
Temperature(OC)/ 21°C/35% 21°C/65% 21°C/90% 
Relative Humidity(%) Equilibrium moisture content 
Predicted chart EMC value (Error! 8.35 14.02 22.8 
Reference source not found.) 
Green Beech 7.86 12.16 19.49 
Spruce 8.47 12.86 20.19 
Average 8.17 12.51 19.84 
Air-dried Beech 8.19 12.36 18.52 
Spruce 8.63 12.90 19.16 
Average 8.41 12.63 18.84 
Kiln-dried 	 Beech 7.86 11.80 17.67 
Spruce 8.37 11.69 18.63 
Average 8.12 11.75 18.15 
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Table A- 3 Comparison of the final EMC of wood in large conditioning rooms 
and small conditioning chambers (before and after modification) 
Temperature(°C)/ 21°C/35% 21 °C/65 % 21°Cn5% 21°C/90% 
Relative Humidity(%) Equilibrium moisture content 
Predicted chart EMC value 8.35 14.02 16.25 22.8 
Conditioning Beech 7.97 12.11 -­ 18.56 
room Larch 8.49 12.48 
-­
19.33 
Average 8.23 12.3 -­ 18.94 
Temperature(°C)IRH(% ) 21°C/35% 21°C/65% 21°cn5% 21°C/90% 
Conditioning chamber Equilibrium moisture content 
-prototype Beech 9.82 10.63 -­ 14.07 
Larch 9.93 11.12 
-­
14.72 
Average 9.88 11.88 -­ 14.39 
-improved Average 7.74 -­ 14.4 -­
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Appendix B: EMC data for twenty wood species 
Table B- 1 Mean equilibrium moisture content and time to condition twenty 
species of Timber 
Ternnerature(O(;) 10 10 10 20 20 20 30 30 30 
Relative Humiditv 30 58 76 33 55 76 33 52 75 
Species Sorption 
Allseleded EMC adsorption 9.08 12.15 15.02 8.34 10.71 14.30 7.31 9.76 13.05 
softwoods (%) desorption 9.16 12.56 14.12 8.37 12.08 13.78 7.56 11.96 14.17 
time adsorption 10 8 5 6 5 6 6 4 5 
(weeks) desorption 11 5 6 6 6 6 6 6 7 
All selected EMC adsorption 8.11 10.07 12.76 7.58 9.71 12.35 8.58 11.66 12.76 
hardwoods (%) desorption 9.16 11.88 12.97 8.58 11.66 12.72 7.81 11.57 12.93 
time adsorption 12 7 7 7 5 6 7 4 5 
(weeks) desorption 10 6 6 6 6 6 7 6 8 
All selected EMC adsorption 8.89 11.37 14.26 8.44 10.59 13.72 7.25 9.22 12.73 
species (%) desorption 9.16 12.12 13.37 8.51 11.81 13.09 7.73 11.71 13.36 
time 
(weeks) 
adsorption 11 
desorption 10 
7 
6 
7 
6 
7 
6 
5 
6 
6 
6 
6 
7 
4 
6 
5 
7 
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Table B- 2 Equilibrium moisture content and time to condition seven softwood 
species of timber 
TemDerature (OC) 10 
Relative Humidity (%) 30 
Species Sorption 
Douglas Fir EMC adsorption 9.15 
(%) desorption 8.39 
time adsorption 10 
(weeks) desorption 10 
Larch, European EMC adsorption 8.85 (Heartwood) (%) desorption 9.57 
time adsorption 6 
(weeks) desorption 10 
Larch, European EMC adsorption 9.46 
(Sapwood) (%) desorption 9.43 
10 
58 
10.64 
11.22 
6 
6 
11.46 
13.07 
7 
5 
14.04 
12.41 
10 
76 
12.95 
12.88 
5 
5 
14.11 
14.61 
5 
5 
15.16 
14.78 
20 
33 
8.44 
8.02 
6 
4 
7.99 
8.50 
6 
6 
9.17 
8.41 
20 
55 
10.70 
11.80 
6 
5 
12.28 
12.55 
5 
4 
10.84 
11.7 
20 
76 
13.77 
12.78 
5 
7 
14.52 
13.95 
6 
6 
14.19 
13.98 
30 
33 
7.53 
7.26 
4 
6 
7.60 
7.68 
7 
5 
7.31 
7.12 
30 
52 
11.58 
11.20 
3 
6 
9.71 
11.92 
7 
4 
9.2 
12.12 
30 
7S 
12.64 
13.37 
6 
7 
13.55 
14.32 
4 
7 
13.05 
14.14 
Larch, European 
(Heartwood 
time 
(weeks) 
EMC 
(%) 
adsorption 6 
desorption 11 
adsorption 9.15 
desorption 9.50 
8 
4 
12.75 
12.74 
4 
11 
14.63 
14.70 
6 
5 
8.58 
8.46 
6 
10 
11.56 
12.13 
6 
4 
14.35 
13.97 
6 
8 
7.46 
7.40 
3 
7 
9.45 
12.02 
5 
5 
13.30 
14.23 
& Sapwood) time adsorption 6 8 5 6 6 6 7 5 5 (weeks) desorption 11 5 8 6 7 5 7 6 6 
Redwood, EMC adsorption 8.67 11.58 15.57 8.32 10.61 14.61 7.05 9.00 13.09 
European (%) desorption 9.40 13.15 14.52 8.03 11.79 13.31 7.64 12.09 14.38 
time adsorption 8 9 9 9 4 5 8 4 4 
(weeks) desorption 10 5 4 4 4 5 9 5 9 
Spruce, Sitka EMC adsorption 10.3 12.72 15.67 8.11 10.33 15.01 7.65 9.63 13.69 
(Heartwood) (%) desorption 9.55 13.17 15.03 8.62 12.70 14.11 7.86 13.02 15.64 
time adsorption 9 6 5 4 3 6 5 6 6 
(weeks) desorption 10 5 6 4 6 5 7 7 9 
Spruce, Sitka EMC adsorption 9.69 12.42 14.33 8.37 10.72 14.65 7.35 9.27 13.50 
(Sapwood) (%) desorption 9.23 13.41 14.94 8.64 13.43 14.87 7.68 12.28 14.58 
time adsorption 8 6 4 6 5 7 6 3 4 
(weeks) desorption 10 5 4 6 5 5 6 4 7 
Spruce, Sitka EMC adsorption 10.0 12.57 15.00 8.24 10.52 14.83 7.50 9.45 13.60 
(Heartwood (%) desorption 9.39 13.29 14.99 8.63 13.06 14.49 7.77 12.65 15.11 
& Sapwood) time 
(weeks) 
adsorption 9 
desorption 10 
6 
5 
5 
5 
5 
5 
4 
6 
7 
5 
6 
7 
5 
6 
5 
8 
Western Hemlock EMC adsorption 7.91 11.54 15.03 8.29 10.65 14.58 7.22 10.67 13.18 
(%) desorption 9.47 12.90 14.66 8.52 12.09 14.39 7.70 12.43 14.49 
time 
(weeks) 
adsorption 16 
desorption 12 
12 
4 
4 
7 
6 
6 
5 
9 
8 
6 
6 
5 
5 
9 
5 
6 
Western Red 
Cedar 
Whitewood, 
European 
EMC 
(%) 
time 
(weeks) 
EMC 
(%) 
time 
(weeks) 
adsorption 9.69 
desorption 8.68 
adsorption 10 
desorption 11 
adsorption 9.02 
desorption 9.29 
adsorption 9 
desorption 10 
11.87 
12.07 
6 
5 
14.08 
12.52 
9 
5 
14.38 
13.45 
6 
6 
17.57 
13.65 
4 
8 
7.31 
8.41 
4 
8 
9.17 
8.54 
5 
9 
9.70 
11.17 
7 
7 
11.25 
12.55 
5 
5 
12.79 
12.73 
5 
6 
15.18 
14.80 
4 
6 
6.82 
7.48 
6 
5 
7.58 
7.76 
5 
6 
8.54 
11.00 
3 
4 
9.60 
12.33 
6 
7 
11.69 
13.06 
4 
6 
13.87 
14.58 
6 
7 
199 
Table B- 3 Equilibrium moisture content and time to condition thirteen hardwood 
species of timber 
Temoerature (OC) 10 10 10 20 20 20 30 30 30 
Relative Humidity (%) 30 S8 76 33 55 76 33 52 75 
Species Sorption 
Ash, American EMC adsorption 8.27 10.10 12.51 8.08 10.05 12.88 6.61 8.37 12.23 
(%) desorption 8.58 11.90 13.56 8.19 11.40 13.54 6.95 10.69 12.72 
time adsorption 9 7 6 5 5 8 6 3 5 
(weeks) desorption 10 6 7 5 6 5 7 5 12 
Beech, EMC adsorption 8.89 11.43 15.40 7.75 10.03 13.82 6.63 8.57 12.68 
European (UK) (%) desorption 8.79 12.23 14.29 7.91 11.31 13.10 8.06 12.12 14.13 
time adsorption 13 7 6 11 5 4 8 4 5 
(weeks) desorption 8 6 6 6 7 6 5 7 9 
Cedar, EMC adsorption 9.73 11.32 13.61 8.76 10.96 13.87 7043 9.38 13.08 
(Cedro) 	 (%) desorption 9.32 12.08 13.50 8.61 11.99 13.86 7.63 11.90 13.86 
time adsorption 10 11 8 9 4 4 7 4 5 
(weeks) desorption 12 4 8 9 5 6 6 5 5 
Iroko 	 EMC adsorption 8.09 10.01 11.82 7.27 9.00 11.39 6041 8.18 10.83 
(%) desorption 8.17 10.28 11041 7.42 10.38 11.25 6.71 10.08 11.34 
time adsorption 10 5 4 5 6 6 7 6 6 
(weeks) desorption 10 5 4 5 6 5 8 4 7 
Mahogany, 	 EMC adsorption 9.82 11.58 15.00 9.43 11.72 15.03 7.61 9.33 13.05 
African 	 (%) desorption 9.71 12.38 13.80 8.88 11.69 13.75 8.25 12.02 13.68 
time adsorption 11 6 8 7 4 4 7 5 4 
(weeks) desorption 11 4 6 7 9 7 7 5 6 
Mahogany, 	 EMC adsorption 9.62 11.52 13.29 9.26 10.81 12.90 7.46 9.23 12.43 
American 	 (%) desorption 9.23 11.78 12.92 8.62 11.14 12.75 7.50 11.03 12.42 
time adsorption 9 7 7 4 5 8 6 5 4 
(weeks) desorption 10 6 7 5 6 5 6 7 8 
Meranti 	 EMC adsorption 8.55 11.31 13.56 8.38 10.53 13.1 6.81 8.64 12.64 
(%) desorption 8.79 12.03 13.37 8.08 11.63 12.8 7.21 11.03 12.84 
time adsorption 13 6 6 5 6 5 5 4 5 
(weeks) desorption 10 6 5 4 6 4 6 5 8 
Oak, 	 EMC adsorption 7.40 10.32 12.20 7.48 9.17 11.60 6.18 7.90 10.97 
American Red 	 (%) desorption 7.93 10.39 12.21 7.35 10.34 11.98 6.34 9.63 11.15 
time adsorption 8 6 11 6 6 7 10 4 6 
(weeks) desorption 11 6 6 7 4 9 11 7 6 
Oak, 	 EMC adsorption 6.86 7.99 12.02 7.72 9.92 12.83 6.97 8.47 12.46 
American 	 (%) desorption 7.45 10.23 11.34 7.55 10.7 12.43 6.7 10.39 11.98 
time adsorption 10 4 15 11 5 6 5 4 5 
(weeks) desorption 8 12 5 7 5 6 4 6 12 
Oak, European EMC adsorption 9.22 10.71 14.24 8.48 10.52 13.78 6.88 8.52 12.46 
(UK)* 	 (%) desorption 9.5 11.54 13.59 8.24 11.61 13.73 7.31 12.49 14.89 
time adsorption 6 6 8 7 6 6 4 5 8 
(weeks) desorption 8 8 7 9 6 7 7 11 5 
Okoume 	 EMC adsorption 9.11 11.15 15.69 9.00 10.61 14.08 7.06 8.93 13.02 
(%) desorption 9.07 12.35 14.29 8.40 11.90 13.67 7.44 11.83 13.97 
time adsorption 13 6 5 5 4 6 6 3 4 
(weeks) desorption 10 7 6 5 4 5 6 6 7 
Sapele 	 EMC adsorption 10.6 12.97 15.59 9.74 11.85 14.77 8.00 9.97 13.87 
(%) desorption 10.4 13.29 14.64 9.32 12.49 14.22 8.89 13.18 14.79 
time adsorption 17 7 5 6 4 5 7 4 6 
(weeks) desorption 6 1 6 6 9 6 8 6 7 
Utile 	 EMC adsorption 8.40 11.20 15.17 9.15 11.60 14.36 7.58 9.60 13.87 
(%) desorption 9.40 12.63 14.44 9.59 13.16 14.47 7.87 9.94 13.53 
time adsorption 17 5 4 11 6 8 5 4 3 
(weeks) desorption 10 4 9 4 5 4 7 4 6 
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Table B- 4 Mean EMC of 20 species of timber compared to initial desorption 
EMC 
Temperature eC) 10 10 10 20 20 20 30 30 30 
Relative Humidity (%) 30 58 76 33 55 76 33 52 75 
Species Sorption 
initial desorption (I) 8.85 13.40 17.50 8.05 11.80 16.50 7.35 10.50 15.50 
All selected adsorption(A) 9.08 12.15 15.02 8.34 10.71 14.30 7.31 9.76 13.05 
softwoods desorption(D) 9.16 12.56 14.12 8.37 12.08 13.78 7.57 11.96 14.17 
mean A & D compared to (I) 0.27 -1.05 -2.93 0.31 -0.41 -2.46 0.09 0.36 -1.89 
AU selected adsorption(A) 8.ll 10.07 12.76 7.58 9.71 12.35 8.58 11.66 12.72 
hardwoods desorption(D) 9.16 11.88 12.97 8.58 11.66 12.72 7.81 11.57 12.93 
mean A & D compared to (1) -0.22 -2.43 -4.64 0.03 -1.12 -3.97 0.85 1.12 -2.68 
All selected adsorption(A) 8.89 11.37 14.26 8.44 10.59 13.72 7.25 9.22 12.73 
species desorption(D) 9.16 12.12 13.37 8.51 11.81 13.09 7.73 11.71 13.36 
mean A & D compared to (I) 0.18 -1.66 -3.69 0.42 -0.60 -3.10 0.14 -0.04 -2.46 
L 
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Table B- 5 EMC of 7 softwood species of timber compared to initial desorption 
EMC 
Temperature (0C) 
Relative Humidity (%) 
Species Sorption 
10 
30 
10 
S8 
10 
76 
20 
33 
20 
SS 
20 
76 
30 
33 
30 
S2 
30 
7S 
initial desorption (I) 
Douglas Fir adsorption(A) 
desorption(D) 
8.85 
9.15 
8.39 
13.40 
10.64 
11.22 
17.50 
12.95 
12.88 
8.05 
8.44 
8.02 
11.80 
10.70 
11.8 
16.50 
13.77 
12.78 
7.35 
7.53 
7.26 
10.50 
11.58 
11.2 
15.50 
12.64 
13.37 
mean A & D compared to (I) 
Larch, European adsorption(A) 
(Heartwood) desorption(D) 
-0.08 
8.85 
9.57 
-2.47 
11.46 
13.07 
-4.59 
14.11 
14.61 
0.18 
7.99 
8.5 
-0.55 
12.28 
12.55 
-3.23 
14.52 
13.95 
0.04 
7.6 
7.68 
0.89 
9.71 
11.92 
-2.5 
13.55 
14.32 
mean A & D compared to (I) 0.36 -1.14 -3.14 0.2 0.61 -2.27 0.29 0.32 -1.57 
Larch, European 
(Sapwood) 
adsorption(A) 
desorption(D) 
9.46 
9.43 
14.04 
12.41 
15.16 
14.78 
9.17 
8.41 
10.84 
11.7 
14.19 
13.98 
7.31 
7.12 
9.2 
12.12 
13.05 
14.14 
mean A & D compared to (I) 0.6 -0.18 -2.53 0.74 -0.53 -2.42 -0.14 0.16 -1.91 
Larch, European adsorption(A) 9.15 12.75 14.63 8.58 11.56 14.35 7.46 9.45 13.3 (H &S) desorption(D) 9.5 12.74 14.7 8.46 12.13 13.97 7.4 12.02 14.23 
mean A & D compared to (I) 0.48 -0.65 -2.84 0.47 0.04 -2.34 0.08 0.23 -17.4 
Redwood , adsorption(A) 8.67 11.58 15.57 8.32 10.61 14.61 7.05 9 13.09 
European desorption(D) 9.4 13.15 14.52 8.03 11.79 13.31 7.64 12.09 14.38 
mean A & D compared to (I) 0.19 -1.04 -2.46 0.13 -0.6 -2.54 0 0.04 -1.77 
Spruce, Sitka adsorption(A) 10.33 12.72 15.67 8.11 10.33 15.01 7.65 9.63 13.69 
(Heartwood) desorption(D) 9.55 13.17 15.03 8.62 12.7 14.11 7.86 13.02 15.64 
mean A & D compared to (I) 1.09 -0.46 -2.15 0.31 -0.29 -1.94 0.41 0.82 -0.84 
Spruce, Sitka adsorption(A) 9.69 12.42 14.33 8.37 10.72 14.65 7.35 9.27 13.5 
(Sapwood) desorption(D) 9.23 13.41 14.94 8.64 13.43 14.87 7.68 12.28 14.58 
mean A & D compared to (I) 0.61 -0.49 -2.87 0.45 0.27 -1.74 0.17 0.27 -1.46 
Spruce, Sitka adsorption(A) 10m 12.57 15 8.24 10.52 14.83 7.5 9.45 13.6 
(H &S) desorption(D) 9.39 13.29 14.99 8.63 13.06 14.49 7.77 12.65 15.11 
mean A & D compared to (I) 0.85 -0.47 -2.51 0.39 -0.01 -1.84 0.29 0.55 -1.15 
Western HeInlock adsorption(A) 7.91 11.54 15.03 8.29 10.65 14.58 7.22 10.67 13.18 
desorption(D) 9.47 12.9 14.66 8.52 12.09 14.39 7.7 12.43 14.49 
mean A & D compared to (I) -0.16 -1.18 -2.66 0.35 -0.43 -2.02 0.11 1.05 -1.67 
Western Red adsorption(A) 9.69 11.87 14.38 7.31 9.7 12.79 6.82 8.54 11.69 
Cedar desorption(D) 8.68 12.07 13.45 8.41 11.17 12.73 7.48 11 13.06 
mean A & D compared to (I) 0.33 -1.43 -3.59 -0.19 -1.37 -3.74 -0.2 -0.73 -3.13 
Whitewood, adsorption(A) 9.02 14.08 17.57 9.17 11.25 15.18 7.58 9.6 13.87 
European desorption(D) 9.29 12.52 13.65 8.54 12.55 14.80 7.76 12.33 14.58 
mean A & D compared to (I) 0.31 -0.10 -1.89 0.81 0.10 -1.51 0.32 0.47 -1.28 
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Table B- 6 EMC and time to condition thirteen hardwood species of timber 
compared to initial desorption EMC 
Temperature (OC) 
Relative Humidity (%) 
Species Sorption 
10 
30 
10 
58 
10 
76 
20 
33 
20 
55 
20 
76 
30 
33 
30 
52 
30 
7S 
initial desorption (I) 
Ash, America adsorption(A) 
desorption(D) 
mean A & D compared to (I) 
Beech, adsorption(A) 
European (UK) desorption(D) 
8 .85 
8 .27 
8.58 
-0.42 
8.89 
8 .79 
13.40 
10.10 
11.90 
-2.40 
11.43 
12.23 
17.50 
12.51 
13.56 
-4.47 
15.40 
14.29 
8.05 
8.08 
8.19 
0.08 
7.75 
7.91 
11.80 
10.05 
11.40 
-1.08 
10.03 
11.31 
16.50 
12.88 
13.54 
-3.29 
13.82 
13.10 
7.35 
6.61 
6.95 
-0.57 
6.63 
8.06 
10.50 
8.37 
10.69 
-0.97 
8.57 
12.12 
15.50 
12.23 
12.72 
-3.03 
12.68 
14.1 3 
mean A & D compared to (1) 
-0.01 -1.57 -2.66 -0.22 -1.13 -3.04 0.00 -0.16 -2.1 
Cedar, Brazilian 
(Cedro) 
adsorption(A) 
desorption(D) 
9.73 
9 .32 
11.32 
12.08 
13.61 
13.50 
8.76 
8.61 
10.96 
11.99 
13.87 
13.86 
7.43 
7.63 
9.38 
11.9 
13.08 
13.86 
mean A & D compared to (I) 0.68 -1.70 -3.95 0.63 -0.32 -2.64 0.18 0.14 -2.03 
Iroko adsorption(A) 8.09 10.01 11.82 7.27 9 11.39 6.41 8.18 10.83 
desorption(D) 8.17 10.28 11.41 7.42 10.38 11.25 6.71 10.08 11.34 
mean A & D compared to (I) 
-0.72 -3 .26 -5.89 -0.71 -2.11 -5.18 -0.79 -1.37 -4.42 
Mahogany, adsorption(A) 9.82 11.58 15.00 9.43 11.72 15.03 7.61 9.33 13.05 
African desorption(D) 9.71 12.38 13.80 8.88 11.69 13.75 8.25 12.02 13.68 
mean A & D compared to (I) 0.92 -1.42 -3.10 1.11 -0.10 -2.11 0.58 0.18 -2.14 
Mahogany, adsorption(A) 9.62 11.52 13.29 9.26 10.81 12.90 7.46 9.23 12.43 
American desorption(D) 9.23 11.78 12.92 8.62 11.14 12.75 7.5 11.03 12.42 
mean A & D compared to (I) 0.58 -1.75 -4.4 0.89 -0.82 -3.68 0.13 -0.37 -3.08 
Meranti adsorption(A) 8.55 11.31 13.56 8.38 10.53 13.1 6.81 8.64 12.64 
desorption(D) 8.79 12.03 13.37 8.08 11.63 12.8 7.21 11.03 12.84 
mean A & D compared to (I) -0.18 -1.73 -4.04 0.18 -0.72 -3.55 -0.34 -0.66 -2.76 
Oak adsorption(A) 7.40 10.32 12.20 7.48 9.17 11.6 6.18 7.9 10.97 
American Red desorption(D) 7.93 10.39 12.21 7.35 10.34 11.98 6.34 9.63 11.15 
mean A & D compared to (I) -1.19 -3 .05 -5.3 -0.64 -2.05 -4.71 -1.09 -1.74 -4.44 
Oak adsorption(A) 6.86 7.99 12.02 7.72 9.92 12.83 6.97 8.47 12.46 
American White desorption(D) 7.45 10.23 11.34 7.55 10.70 12.43 6.7 10.39 11.98 
mean A & D compared to (I) -1.70 -4.29 -5.82 -0.42 -1.49 -3.87 -0.52 -1.07 -3.28 
Oak adsorption(A) 9.22 10.71 14.24 8.48 10.52 13.78 6.88 8.52 12.46 
European (UK) desorption(D) 9.50 11.54 13.59 8.24 11.61 13.73 7.31 12.49 14.89 
mean A & D compared to (I) 0.51 -1.28 -3.59 0.31 -0. 74 -2.75 0.25 0.0 -1.83 
Okoume adsorption(A) 9.11 11.15 15.69 9 10.61 14.08 7.06 8.93 13.02 
desorption(D) 9.07 12.35 14.29 8.4 11.9 13.67 7.44 11.83 13.97 
mean A & D compared to (I) 
Sapele adsorption(A) 
desorption(D) 
0.24 -1.65 
10.64 12.97 
10.39 13.29 
-2.51 
15.59 
14.64 
0.65 
9.74 
9.32 
-0.55 
11.85 
12.49 
-2.63 
14.77 
14.22 
-0.1 
8 
8.89 
-0.12 
9.97 
13.18 
-2.01 
13.87 
14.79 
mean A & D compared to (I) 
adsorption(A)Utile 
desorption(D) 
mean A & D compared to (I) 
1.67 
8.40 
9.4 
0.05 
-0.27 
11.2 
12.63 
-1.49 
-2.39 
15.17 
14.44 
-2.70 
1.48 
8.15 
9.59 
1.32 
0.37 
11.6 
13.16 
0.58 
-2.01 
14.36 
14.47 
-2.09 
1.10 
7.87 
7.87 
0.52 
1.08 
9.94 
9.97 
-0.55 
-1.17 
13.53 
13.53 
-1.97 
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Appendix C: Diffusion coefficients in grain directions 
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Figure c- 1 The diffusion coefficient xlO-JO vs. MC in longitudinal direction 
26T---------------------------~~ 
.... 
c 
Q,)
'C 21 

15 

Q,) 
8 16 

.Sc 

6til 11 
is 
6~--~~------r_----~-----T~ 
10 15 20 25 30 
Moisture content (% ) 
Figure c- 2 The diffusion coefficient xlO-10 vs. MC in tangential direction 
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Figure C- 3 The diffusion coefficient xlO- lO vs. MC in radial direction 
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